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PREFACE 

TO 

THE    FIRST     EDITION 


"^    Wk    have    frequently   been   asked   by  artisans   and   students  to 
^    recomn-iend  a  single  work  covering  the  whole  field  of  Electric 
"^    Lighting.     Our  inability  to  comply  with  this  request  has  prompted 
^  us    to    endeavour  to  fill  such  a  palpable   gap   in   the  literature 
-r-  of  technical  science.     We  have  designed  this  book  to  cover  the 
*^^    extensive  syllabus  of  the  City  and  Guilds  of  London  Institute,  and 
'^    have  so  enlarged  its  scope  as  to  make  it  embrace  the  requirements, 
—    not  only  of  those  actually  employed  in  the  electric  lighting  indus- 
try, hut  also  of  those  who,  while  having  little  or  no  electrical 
knowledge,  have  under  their  supervision  various  kinds  of  electrical 
machinery.     The  work  should  therefore  prove  of  service  to  such 
men   as  marine,  railway,  and  tramway  engineers,  naval  officers, 
municipal  oflficials,  and  managers  of  mines  and  factories. 

We  recognise  to  the  full  the  fact  that,  as  a  rule,  the  most  suc- 
cessful electrical  engineers  are  evolved  from  good  mechanical 
engineers,  and  have  striven  to  give  our  readers,  even  though  they 
may  possess  no  previous  electrical  knowledge,  a  clear  insight  into 
the  purely  scientific  as  well  as  the  practical  part  of  the  subject. 
Every  effort  has,  however,  been  made  to  embrace  only  the  essen- 
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tial  branches  of  the  pure  science,  omitting  those  which,  while 
interesting  and  serviceable  in  other  fields,  are  not  required  in 
electric  lighting  or  the  electrical  transmission  of  power.  It  is  hoped 
also  that  we  have  succeeded  in  the  difficult  task  of  explaining 
the  subject  dearly  and  in  simple  language.  The  clos(^  connection 
between  the  three  kinds  of  electrical  phenomena,  static  or  fric- 
tional,  dynamic  or  current,  and  magnetic,  has  been  carefully 
explained  and  made  to  follow  naturally.  It  is  believed  that  the 
fact  that  magnetism  is  primarily  but  a  consequence  of  dynamic 
electricity,  or  the  more  or  less  permanent  effect  on  certain  sub- 
stances of  an  electrical  disturbance,  instead  of  being  a  separate 
and  distinct  series  of  phenomena,  has  not  hitherto  been  so  plainly 
and  unhesitatingly  expressed.  It  is  our  firm  conviction  that,  in 
the  near  future,  this  view  of  the  question  is  the  one  which  will  be 
universally  adopted.  The  conception  of  *  lines  of  force  '  is  one  of 
great  value  to  the  student,  and  he  will  find  them  here  reasoned 
about  as  having  a  tangible  existence.  It  would  be  impossible  to 
describe  every  piece  of  apparatus  or  machinery  in  actual  use,  and 
we  have  selected  those  which,  while  having  proved  in  practice  to 
be  among  the  best  in  their  respective  classes,  also  serve  to  illus- 
trate in  the  clearest  manner  the  laws  and  principles  involved. 
In  a  few  cases,  however,  the  apparatus  can  scarcely  be  said  to 
have  been  successfully  applied,  but  they  have  been  introduced  as 
indicating  the  highest  present  developments  in  directions  in  which 
success  will  probably  be  attained. 

Although  primary  batteries  are  not  used  to  any  great  extent 
in  electric  lighting,  except  for  testing  and  other  similar  operations, 
yet  a  considerable  amount  of  space  has  been  devoted  to  them, 
and  to  the  experiments  which  can  readily  be  performed  by  their 
aid,  because  long  experience  has  taught  us  that  they  afford  in  the 
readiest  way  a  clear  insight  into  the  fundamental  principles  of 
the  science  and  the  various  laws  so  far  discovered. 

An  unusually  large  number  of  the  explanations  have  been 
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based  ujx>n  Ohm's  law  and  its  consequences.  Mathematical 
formulae  and  explanations  have,  where  possible,  been  avoided  ; 
where  they  do  occur  they  are  invariably  simple,  and  are  gene- 
lally  accomx^anied  by  arithmetical  examples.  As  they  merely 
supplement  the  ordinary  explanations,  they  can  usually  be  ignored 
without  the  meaning  being  missed;  but  those  able  to  solve  a 
simple  equation  will  find  very  little  indeed  which  cannot  easily 
be  followed. 


JVOTE   TO   THE  REVISED  EDITIOA 

Since  the  first  edition  of  this  book  was  published,  less  than  five 
years  ago,  considerable  strides  have  been  made  in  the  development 
of  the  science  and  practice  of  Electrical  Engineering.  We  have 
therefore  considered  it  desirable  to  thoroughly  revise  the  work, 
and  it  is  hoped  that,  in  its  new  form,  it  will  prove  as  acceptable  as 
the  many  editions  which  have  been  called  for  have  shown  it  to 
have  been  in  the  past. 

W.  S. 
A.  B. 
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CHAPTER   I. 

CURRENT — POTENTIAL— CONDUCTORS— INSULATORS 

When  a  stick  of  sealing-wax  is  rubbed  with  a  piece  of  dry  fur  or 
flannel,  the  wax  acquires  the  power  of  attracting  to  itself  any  light 
substances  that  may  be  in  its  vicinity.  By  taking  suitable  precau- 
tions a  like  power  can  be  detected  in  the  fur  or  flannel.  Similar 
phenomena  can  also  be  produced  by  the  rubbing  together  of 
other  substances,  such  as  glass  and  silk,  india-rubber  and  silk, 
brown  paper  and  a  bristle  clothes-brush.  A  body  which  exhibits 
this  power  of  attraction  is  said  to  be  endowed  or  charged  with 
electricity,  or  to  be  electrified. 

But  there  are  two  electrical  states,  and  this  can  be  easily 
proved  ;  for  if  by  means  of  a  foot  or  so  of  silk  ribbon  we  suspend 
the  electrified  sealing-wax  and  bring  near  it  another  electrified 
stick  of  sealing-wax,  repulsion  ensues — that  is  to  say,  the  suspended 
rod  recedes  from  the  approaching  one.  On  the  other  hand,  if 
certain  necessary  precautions  have  been  taken  to  prevent  the 
neutralisation  or  escape  of  the  electricity  that  was  generated  on 
the  fur  or  flannel  rubber,  it  will  be  seen  that,  on  bringing  it  near 
the  suspended  sealing-wax,  attraction  takes  place.  A  similar 
result  would  follow  if  a  warm  glass  rod  were  rubbed  with  a  piece 
of  dry  silk  and  then  brought  near  the  sealing-wax.  On  suspend- 
ing, however,  the  electrified  glass  and  bringing  the  electrified  fur 
near  it,  repulsion  would  take  place.  It  is  manifest,  then,  that  as 
electrified  glass  attracts  electrified  sealing-wax,  but  is  repelled  by 
C^  B 
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or  repels  electrified  fur,  there  are  two  electrical  states,  one  on  the 
sealing-wax,  which  is  called  negative,  and  the  other  on  the  fur, 
which  is  called  positive.  It  is  also  clear  that  bodies  similarly 
electrified  are  mutually  repellent,  while  bodies  dissimilarly  elec- 
trified are  mutually  attractive.  This  matter  will  again  be  referred 
to,  but  the  points  to  which  especial  attention  is  now  directed  are, 
first,  that  the  amount  of  positive  electricity  on  the  one  body  is 
always  equal  to  the  negative  on  the  other  ;  and,  secondly,  that  the 
amount  of  electricity  developed  by  rubbing  the  two  bodies — say 
the  sealing-wax  and  the  fur —together,  bears  no  direct  relation  to 
•  the  amount  of  actual  friction  to  which  the  bodies  are  subjected, 
for  what  is  really  essential  in  order  to  obtain  the  highest  possible 
degree  of  electrification  is  to  bring  every  portion  of  the  one  sur- 
face into  intimate  contact  with  every  superficial  particle  of  the 
other,  and  when  that  is  done,  no  extra  amount  of  rubbing  can 
develop  any  further  degree  of  electrification. 

Speaking  generally,  then,  it  may  be  said  that  when  any  two 
bodies  are  rubbed  together  electricity  is  produced,  although  it 
frequently  happens  that  the  amount  is  so  small  as  to  render  its 
detection  very  difficult.  If,  however,  delicate  apparatus,  which  we 
will  not  pause  here  to  describe,  is  employed,  very  feeble  charges 
can  be  indicated.  In  fact,  if  a  piece  of  zinc  and  a  piece  of  copper 
are  simply  placed  in  contact  the  feeble  charge  of  electricity  then 
developed  can  easily  be  rendered  evident.  If  the  same  pieces  of 
metal  are  dipped  in  saline  or  acidulated  water,  a  similar  result 
follows,  although  in  this  case  the  water  itself  becomes  an  impor- 
tant factor  in  determining  the  resultant  electrification.  The  end 
of  the  zinc  outside  the  liquid  will  be  found  to  possess  properties 
similar  to  those  of  the  sealing-wax  after  it  has  been  rubbed  with 
fur.  It  is,  therefore,  said  to  be  negatively  electrified.  The  copper, 
on  the  other  hand,  will  have  an  electrical  state  similar  to  that  of 
the  fur  itself,  or  of  the  glass  which  has  been  rubbed  with  silk,  and 
it  is  therefore  said  to  be  positively  electrified. 

It  follows  that  whether  the  electricity  is  the  result  of  so-called 
friction  or  whether  it  is  a  consequence  of  the  simple  contact  of 
two  dissimilar  bodies,  it  is  with  precisely  the  same  kind  of  force 
that  we  have  to  deal,  and  the  old  distinction  between  *  frictional ' 
and  *  galvanic '  electricity,  which  used  to  be  urged  with  consider- 
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able  persistence,  is  virtually  a  myth.  The  quantity  of  electricity 
may  vary,  and  we  may  view  it  in  its  two  phases,  positive  and 
negative,  but  neither  of  these  considerations  can  affect  the  cha- 
racter of  the  force. 

It  may  be  accepted  as  a  general  fact  that  when  the  same  kind 
of  force  is  bestowed  upon  two  points  or  bodies,  but  to  a  different 
extent  in  the  one  case  as  compared  with  the  other,  there  is  a 
universal  tendency  to  equalise  the  distribution  of  the  force  —that 
is  to  say,  to  produce  equilibrium,  and  this  equilibrium  will  be 
established  when  the  conditions  become  such  as  to  render  it 
possible.  Reverting  again  to  the  zinc  and  copper  plates  partly 
immersed  in  water,  the  exposed  ends  will  be  electrified  to  dif- 
ferent degrees.  There  will  be  a  tendency  to  produce  equilibrium, 
or,  as  it  is  more  generally  called,  neutralisation.  This  will  be 
accomplished  if  the  necessary  facilities  are  afforded,  and  until 
this  is  done  the  intervening  space  will  be  subjected  to  what  may 
be  called  an  electrical  stress.  It  is  found  by  experiment  that  a 
piece  of  metal  affords  the  readiest  means  of  relieving  the  strain 
due  to  this  stress,  thus  facilitating  neutralisation,  for  on  joining 
the  two  plates  together,  say  by  a  piece  of  copper  wire,  a  momen- 
tary rush  of  electricity  from  the  one  to  the  other  will  take  place. 
This  phenomenon  is  that  which  is  generally  known  as  discharge, 
and  it  affects  the  whole  combination,  including  the  liquid  and  the 
metal  surfaces  in  contact  with  it. 

This  brief  spasmodic  flow  or  rush  of  electricity,  whose  function 

it  is  to  restore  the  electrical  equilibrium,  causes,  however,  a  series 

of  chemical  changes  to  take  place  in  the  liquid  itself,  among  other 

things  a  portion  of  the  zinc  being  dissolved  and  converted  into 

what  IS  called  a  salt  of  that  metal.     These  chemical  reactions 

cause  in  their  turn  a  fresh  electrical  difference  between  the  plates, 

which  is  followed  immediately  by  another  equilibrating  flow,  and 

that  by  a  further  difference,  and  so  on.     These  changes  follow 

one  another  in  exceedingly  rapid  succession,  so  rapid,  in  fact, 

that  it  is  a  matter  of  absolute  impossibility  to  distinguish  them 

separately,  and  we  have  consequently  what  appears  to  us  as,  and 

what  is  known  as,  a  continuous  *  current '  of  electricity. 

A  little   reflection  will  make  it  evident  that  by  following  out 
the  lin^   ^^   experiment  and  deductions  here  indicated,  the  so- 

B2 
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called  single  and  double  fluid  theories  of  electricity  are  both 
disregarded,  not  simply  for  the  sake  of  disregarding  them,  but 
because  they  are  unnecessary  and  involve  considerations  and  con- 
cessions which  are  not  warranted  by  the  circumstances.  In  point 
of  fact,  electricity  is  not  a  fluid  at  all,  and  only  in  a  few  of  its 
attributes  is  it  at  all  comparable  to  a  fluid. 

Let  us  rather  consider  electricity  to  be  simply  a  form  of  energy 
which  imparts  to  material  substances  a  peculiar  state  or  condition, 
and  that  all  such  substances  partake  more  or  less  of  this  condition, 
just  as  we  say  that  all  bodies  are  heated,  although  to  varying 
degrees,  and  that  in  virtue  of  this  heat  their  particles  are  set  into 
more  or  less  rapid  vibration. 

Moreover,  as  in  the  case  of  a  heated  body,  there  is  a  region 
surrounding  an  electrified  body  in  which  the  force  due  to  the 
tendency  to  produce  electrical  equilibrium  can  be  made  evident. 
This  is  shown  by  the  fact  already  referred  to  that  two  bodies  in  a 
similar  electrical  state  repel  one  another,  while  others  in  different 
electrical  states  attract.  It  is  inconceivable  that  such  an  effect  as 
the  imparting  of  motion  to  a  mass  of  matter  can  be  produced 
without  the  aid  of  some  medium  capable  of  transmitting  the 
force.  What  this  medium  actually  is  is  a  matter  of  doubt,  and 
we  cannot  experimentally  determine  the  question.  So  also  is  the 
mode  or  method  of  transmission.  Under  such  circumstances  it 
becomes  convenient  to  picture  to  ourselves  the  propagation  by 
means  of  lines  of  force ^  travelling  through  an  infinitely  elastic, 
imponderable  medium,  or  substance,  as  it  is  sometimes  called, 
which  is  assumed  to  pervade  all  matter  and  all  space,  and  which 
is  known  as  *  ether.'  Granted  that  these  lines  of  force  may  have 
no  actual  existence,  the  conception  is,  nevertheless,  exceedingly 
useful,  and  facilitates  an  accurate  estimation  of  the  way  in  which 
electrical  phenomena  are  set  up,  so  much  so,  that  the  idea 
imperceptibly  grows  upon  the  student,  and  to  him  the  lines  of 
force  become  endowed  with  a  definite  meaning. 

There  are  three  features  about  these  lines  of  force  to  which 
we  may  draw  attention.  In  the  first  place,  their  assumed  position 
indicates  the  path  along  which  the  action  takes  place  ;  secondly, 
their  direction  in  this  path  indicates  the  direction  in  which  the 
force  is  transmitted  ;  and,  thirdly,  their  densit}',  or  the  number 
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occupying  a  given  space,  measures  the  strength  or  magnitude  of 
the  force.  Having  given  to  these  lines  of  force  position,  direction, 
and  density,  we  can  predict  the  result  which  should  follow  in  any 
given  electrical  field.  For  the  action  is  always  as  if  the  lines  of 
force  endeavour  to  coincide  in  direction,  and  then  to  shorten 
themselves,  the  magnitude  of  the  action  being  simply  dependent 
upon  the  density  of  the  lines. 

In  the  case  of  an  electrified  sphere  suspended  somewhere  in 
space  and  remote  from  every  disturbing  element,  the  lines  of 
force  would  be  radial  and  equidistant  in  position,  their  density 
would  depend  upon  the  degree  of  the  electrification  or  the  quantity 


Fig,  I. 


Fig.  2. 


of  the  charge,  while  their  direction— that  is,  radially  inwards  or 
radially  outwards— would  depend  upon  whether  the  charge  were 
negative  or  positive. 

Let  us  assume  a  positively  charged  sphere  (fig.  i)  to  be  sus- 
pended, with  its  lines  of  force  directed  outwards,  and  a  second 
sphere,  negatively  charged  (fig.  2),  with  its  inwardly  directed  lines 
of  force,  to  be  brought  into  the  vicinity  of  the  first  sphere  ;  it  will 
be  evident  that  many  of  the  lines  of  force  of  the  two  spheres  will 
bend  or  turn  round  and  concentrate  themselves  within  the  space 
intervening  between  the  spheres  in  the  manner  shown  in  fig.  3. 
The  lines  of  force  will  now  be  similar  in  direction,  and,  owing  to 
the  shortening  tendency  above  referred  to,  attraction  results. 

The   attraction,   presuming  it  to  be  sufficiently  strong,  will 
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impart  motion  to  one  or  both  of  the  spheres,  or,  in  other  words, 
work  will  be  performed.  Now  this  capacity  for  doing  work  arises 
solely  from  the  electrification,  and  the  quantity  of  work  performed 
is  proportional  to  the  degree  of  electrification.  But  *  capacity  for 
doing  work '  and  *  potential '  are  convertible  terms — that  is  to  say, 
anything  which  possesses  the  capacity  for  doing  work  may  be  said 
to  have  a  certain  potential,  consequently  the  degree  of  electrifica- 
tion of  any  body  is  known  as  its  potential.  We  have  previously 
said  that  the  tendency  to  produce,  between  two  electrified  points 
or  bodies,  a  state  of  electrical  equilibrium,  is  proportional  to  the 
difference  of  their  degrees  of  electrification.    In  technical  language 

Fig.  3. 


this  means  proportional  to  their  difference  of  electrical  potentials. 
Therefore,  in  the  case  of  the  zinc  and  copper  plates  immersed  in 
acidulated  water,  the  flow  of  electricity  from  the  exposed  end  of 
the  copper  to  the  exposed  end  of  the  zinc  is  correctly  described  as 
being  due  to  a  difference  of  potential  between  those  ends. 

If  the  student  has  grasped  what  has  already  been  said,  he  will 
be  able  to  readily  apply  the  doctrine  of  potential  to  special  cases  ; 
for  example,  it  will  be  evident  that  no  two  parts  of  the  same  body 
(providing  it  is  one  that  can  transmit  or  propagate  the  flow  of 
electricity)  can  remain  for  any  length  of  time  at  different  poten- 
tials ;  for  the  moment  a  difference  of  potential  is  established  an 
electrical  stress. is  set  up,  and  the  flow  of  electricity  follows  as  a 
necessary  or  natural  consequence.     On   the  other  hand,  where 
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there  is  no  difference  of  potential  there  can  be  no  flow  of  elec- 
tricity.    So  that  we  come  to  these  conclusions — viz.  that  electricity 
always  flows  between  two  bodies  which   are  at  different  poten- 
tials ;  that  it  flows  from  the  body  possessing  the  higher  to  that 
possessing  the  lower  potential ;  that  in  the  case  of  the  *  current ' 
maintained  by  the  'simple  cell,'  composed  of  zinc  and  copper 
plates  dipping  into  acidulated  water  and  referred  to  in  a  previous 
page,  we  had  a  difference  of  potential  established  on  the  zinc 
and  copper  extremities  ;  that  on  joining  these  extremities  together 
there  was  a  flow  of  electricity  to  produce  equilibrium  ;  that  this, 
by  means   of  the  chemical  changes,  re-established  a   potential 
difference  ;   and    that   these  actions  and  reactions,  being  alter- 
nated with  almost  infinite  rapidity,  appear  to  us  as  a  continuous 
current. 

We  may,  therefore,  define  a  *  current '  as  the  expression  of  an 
effort  ever  being  made  to  establish  electrical  equilibrium  between 
two  points  which  are  ever  being  electrified  to  different  potentials. 
Neither  of  these  objects  is  attained  —  that  is  to  say,  a  difference  of 
potential  is  never  permanently  established  on  the  one  hand,  and, 
on  the  other,  equilibrium  it  is  impossible  to  maintain. 

Let  us  further  consider  the  case  of  the  simple  cell,  the  zinc 
and  copper  of  which,  however,  instead  of  being  joined  together, 
are  each  connected  to  long  pieces  of  wire,  whose  other  or  free 
extremities  are  inserted  in  the  earth  at  different  places.     It  used 
to  be  the  general  assumption  that  in  this  case  the  current  would 
flow  from  the  copper  plate  to  the  earth,  and  through  the  earth  to 
the  other  wire,  up  which  it  would  pass  and  so  return  by  the  zinc 
to  the  battery.     But  anything  more  unreasonable  than  such  an 
hypothesis  it  is  really  impossible  to  conceive,  more  particularly 
when  the  distance  between  the  two  earth  connections  is  consider- 
able.    To  demonstrate  this  we  need  only  take  into  consideration 
the  state  oi  affairs  at  the  Central  Telegraph  Office  in  London, 
where  there  are  upwards  of,  1,000  different  circuits  or  lines,  one 
end  oi  each  battery  being  joined  to  the  same  earth  plate  under 
the  b\i\\d\n%^   the  other  ends  being  joined  to  the  respective  lines, 
which  in  their  turn  are  joined  to  earth  plates  at  the  distant  ends. 
Viewed  in  its  real  aspect,  this  *  earth-return '  theory  compels  the 
^p^-Qn  that  the  1,000  currents  which  go  to  eaith  at  as  many 
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different  places— some  at  Newcastle,  some  at  Liverpool,  others  at 
Cardiff,  Yarmouth,  &c.,  others,  again,  only  a  few  hundred  yards 
away  in  several  of  the  City  thoroughfares  —all  return  through  the 
earth  to  the  earth  plate  or  connection  under  the  Central  Office, 
where  each  individual  current  has  to  pass  the  other  999  currents 
travelling  through  the  plate,  and  single  out  the  particular  wire 
joined  to  the  particular  battery  from  the  other  end  of  which  it 
emanated,  and  is  not  satisfied  or  has  not  completed  its  work  until 
it  thus  gets  safely  home  again.  Moreover,  these  currents  do  not 
all  travel  in  the  same  direction  either  to  or  from  London,  so  that, 
were  they  really  to  complete  their  path  through  the  earth,  some 
would  be  going  in  one  direction  and  the  remainder  in  the  oppo- 
site direction  through  the  earth  connection.  It  will  readily  be 
seen  that,  if  such  were  actually  the  state  of  affairs,  the  laws  above 
stated,  that  electricity  only  flows  under  a  difference  of  potential 
and  always  flows  when  there  is  that  difference,  would  be  nullified. 
Like  everything  else  in  the  universe,  the  earth  itself  is  always 
more  or  less  electrified,  and,  as  a  consequence,  it  is  always  at  a 
certain  potential.  It  will  therefore  be  seen  that,  were  a  body 
which  had  been  electrified  to  a  higher  potential  than  the  earth  to 
be  connected  with  the  earth,  a  flow  of  electricity  would  take  place 
passing  from  that  body  to  the  earth,  so  that  both  the  body  and 
earth  assume  the  same  potential,  and  it  may  be  mentioned  that 
the  passage  of  this  flow  could  be  easily  observed  by  the  introduc- 
tion of  certain  apparatus.  On  the  other  hand,  were  a  body  to  be 
electrified  to  a  potential  lower  than  that  of  the  earth  and  to  be 
connected  with  it,  a  flow  of  electricity  would  be  determined 
between  the  earth  and  the  body,  and  the  passage  of  this  electricity 
could  also  be  rendered  evident.  Consequently,  when  copper  and 
zinc  strips  are  immersed  in  acidulated  water  and  the  exposed 
ends  become  electrified,  the  one  to  a  higher  and  the  other  to  a 
lower  potential  than  the  earth,  the  connection  of  those  extremities 
with  the  earth  causes  a  flow  of  electricity  from  the  plate  of  higher 
potential  to  the  earth,  and  from  the  earth  to  the  plate  of  lower 
potential.  These  flows  will  be  equivalent  to  joining  the  plates 
directly  together  and  so  releasing  the  electrical  stress. 

Thus  is  it  with  every  battery  :  the  potential  of  the  earth  is 
above  that  of  one  end  of  the  battery  and  below  that  of  the  other 
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end.  There  is  then  no  need  for  a  current  to  flow  between  the 
two  earth -connections,  and  the  assumption  of  such  a  state  of 
affairs  is  quite  gratuitous.  It  must  not,  however,  be  supposed 
that  the  flow  of  electricity  from  or  to  the  earth  can  sensibly  affect 
its  charge  or  potential,  the  terrestrial  charge  as  a  whole  being  so 
enormous  as  to  make  any  other  charge  incomparably  feeble  and 
insignificant.  To  make  this  clearer  we  will  employ  an  analogy. 
Let  us  suppose  that  we  have  two  tanks,  one  (a,  fig.  4)  contain- 
ing water,  and  placed  above  the  level  of  the  ocean  (c,  d),  the 
other  (b)  which  we  will  suppose  to  be  empty  and  partly  immersed 


Fig.  4. 


below  the  ocean  level.  If  now  we  suppose  holes  to  be  made 
in  the  bottoms  of  the  tanks,  all  the  water  will  flow  out  of  the 
higher  tank  into  the  sea  below,  while  water  will  flow  up  into  the 
lower  one  until  the  ocean  level  is  reached.  But  of  course  no  one 
would  contend  that  these  changes  would  make  any  difference  in 
the  level  of  the  surrounding  waters,  even  if  more  water  were  received 
from  the  higher  tank  than  was  given  to  the  lower,  and  what  is 
true  in  this  case  is  equally  true  in  the  case  of  electricity.  In  fact, 
the  earth  is  a  body  whose  capacity  for  electricity,  so  far  as  we  are 
concerned,  is  infinite,  and  nothing  that  we  can  do  can  alter  its 
charge.  The  man  who  would  assert  that  when  he  joins  one  end 
of  his  battery  to  earth,  say,  at  London,  and  the  other  end  to  earth, 
say,  at  Aberdeen,  and  that  in  consequence  a  current  flows  through 
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the  earth  from  one  connection  to  the  other,  asserts,  in  fact, 
although  he  may  not  know  the  significance  of  his  contention,  that 
he  places  these  two  points  in  London  and  Aberdeen  at  different 
electrical  potentials.  He  might  as  reasonably  contend  that  if  he 
turns  on  his  water-tap  into  the  Thames  at  London  and  digs  a  hole 
in  the  bank  of  the  river  at  Windsor,  he  sets  up  a  difference  of 
level  between  the  two  places,  and  causes  the  water  which  he  pours 
in  at  London  to  travel  up  against  the  stream  and  fall  out  at 
Windsor.  It  would  also  have  to  be  conceded  that  when  he 
reverses  his  battery  connections,  he  at  the  same  time  makes  the 
potential  of,  say,  London,  alternately  higher  and  lower  than  that 
at,  say,  Aberdeen.  In  the  special  case,  however,  where  a  very  heavy 
current  is  passing  from  the  earth  at  one  end  of  a  line  and  to  the 
earth  at  the  other,  the  two  earth  connections  being  comparatively 
close  together,  as  might  happen  in  the  case  of  an  electric  railway, 
it  is  of  course  possible  for  a  considerable  portion  of  the  current  to 
actually  flow  through  the  earth  from  one  connection  to  the  other, 
especially  if  the  substratum  be  dry,  and  therefore  a  bad  conductor. 
Manifestly  this  would  be  a  very  bad  state  of  affairs,  indicating  that 
sufficiently  good  earth  has  not  been  made  at  the  ends  of  the 
line,  and  that  therefore  a  considerable  amount  of  energy  is  being 
wasted. 

We  come  now  to  a  real  difficulty— a  solution  of  which  is 
improbable,  although  it  is,  perhaps,  in  the  future  not  impossible — 
and  that  is,  to  be  able  to  say  with  certainty  in  which  direction  a 
current  really  travels,  or,  in  other  words,  to  declare  which  of  two 
differently  electrified  bodies  has  the  higher,  and  which  the  lower 
potential.  All  we  can  say  with  any  certainty  is  that  there  is  a 
difference  of  potential,  and  that  therefore  the  current  flows  from 
the  point  of  higher  to  that  of  lower  potential.  It  is  usual  to 
assume,  in  the  present  incomplete  and  imperfect  state  of  our 
knowledge  concerning  the  nature  and  propagation  of  electricity, 
that  the  electric  state  which  we  know  as  positive  has  a  higher 
potential  than  that  state  which  we  know  as  negative,  whence  we 
say,  or  assume,  that  electricity  flows  from  a.  positively  electrified 
to  a  negatively  electrified  body.  And  we  will  in  this  work  follow 
this  assumption,  true  or  otherwise,  as  it  involves  no  sacrifice  of 
principles,  notwithstanding  the  fact  that  experiments  have  been 
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performed  which  tend  to  show  that  that  state  which  we  call  nega- 
tive is  really  of  higher  potential  than  that  which  we  call  positive. 

Reference  has  several  times  been  made  to  the  use  of  wire  as  a 
means  of  connection  between  two  oppositely  electrified  bodies,  or 
between  two  bodies  at  different  potentials.     Were  we  desirous  of 
transmitting  mechanical  instead  of  electrical  energy,  a  hempen  or 
silken  cord  would  answer  equally  well,  if  due  provision  had  been 
made  that  the  cord  should  have  the  requisite  mechanical  strength 
or  tenacity  to  transmit  the  energy  without  fracture.     But  tenacity 
is  not  the  necessary  attribute  for  a  body  to  possess  in  order  that 
electricity  may  be  readily  propagated  through  it.     All  substances 
admit  of  this  transmission,  although  to  very  varying  degrees.     A 
piece  of  copper  wire  offers  greater  facilities  than  a  piece  of  iron 
wire  of  similar  dimensions,  which  in  turn  offers  greater  facilities 
than  a  similar  piece  of  German-silver  wire.     But  the  metals  one 
and  all  are  enormously  superior  in  this  respect  to  the  great  bulk 
of  non-metallic  substances.     On  the  other  hand,  every  substance, 
whatever  its  nature,  offers  a  greater  or  less  amount  of  resistance 
to  the  transmission  of  electricity.     Bodies  which  offer  little  resist- 
ance to  the  electric  flow  are  said  to  be  good  conductors,  while 
those  which  offer  considerable  resistance  are  said  to  be  bad  con- 
ductors or  insulators.     To  the  former  class  belong  the  metals, 
carbon,  ordinary  water,  &c.,  while  the  latter  class  includes  such 
substances  as  glass,  air,  sulphur,  resin,  india-rubber,  and  ebonite. 
Between  these   two  classes   are   many  substances  which   might 
be  included  in  either  class,  but  no  hard  and  fast  line  can  be 
drawn. 

It  has  been  shown  that  the  result  of  joining  directly  together 
two  bodies  electrified  to  different  potentials  is  a  flow  of  electricity 
from  the  body  charged  to  the  higher  potential  to  that  charged  to 
the  lower  until  electrical  equilibrium  between  the  two  bodies  is 
obtained.  And  a  similar  result  follows  if  we  join  the  bodies 
together  by  a  piece  of  wire  ;  while  if  they  have  only  air  or  some 
other  bad-conducting  substance  separating  them,  there  will  be  no 
flow  at  all,  or  only  a  very  feeble  one.  If  in  any  given  case  the 
path  of  the  flow  is  made  longer,  or  more  difficult,  say  by  the  inter- 
position of  a  longer  or  poorer  conductor,  it  naturally  follows  that  the 
time  which  is  taken  for  equilibrium  to  be  restored  is  lengthened, 
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and  the  rate  of  restoration,  that  is,  the  strength  of  the  current, 
is  less.  But  if  the  potential  difference  and  the  quantity  of 
electricity  transferred  are  the  same  in  the  two  cases,  the  energy 
expended  in  the  effort  to  restore  equilibrium  is  the  same. 

The  result,  then,  of  interposing  a  substance  of  poorer  con- 
ducting power,  or,  what  amounts  to  the  same  thing,  of  higher 
electrical  resistance,  between  two  bodies  having  a  potential 
difference,  is  to  reduce  the  strength  of  the  flow  or  current  passing 
from  the  one  to  the  other.  We  can  find  a  very  simple  analogy  to 
this  if  we  suppose  two  tanks  at  different  heights  one  directly  above 
the  other,  the  lower  one  being  empty  and  the  upper  one  full  of 
water.  So  long  as  the  bottom  of  the  higher  one  is  intact  the 
resistance  to  the  flow  of  water  from  it  to  the  other  is  practically 
infinite,  but  an  effort  to  flow  exists  and  takes  the  form  of  a  pressure 
on  the  bottom  of  the  tank,  and  if  we  interpose  a  relatively  bad 
conductor  of  the  water  in  the  form  of  a  very  small  pipe  or  tube 
between  the  tanks,  there  will  be  a  correspondingly  weak  or  feeble 
flow  of  water  from  the  higher  to  the  lower  tank.  If  we  increase 
the  size  or  bore  of  the  pipe,  the  conducting  power  will  be  increased 
proportionally,  and  a  corresponding  increase  in  the  volume  of  the 
water  (or  in  the  strength  of  the  current)  flowing  will  be  observed. 
Pursuing  this  to  its  finality,  if  the  bottom  of  the  upper  tank  is 
removed  instantaneously  there  will  result  an  equally  instantaneous 
fall  of  the  whole  of  the  water  in  the  tank.  Such  a  state  of  things 
can  easily  be  traced  between  two  bodies  charged  to  different 
electrical  potentials  or  pressures  and  connected  in  turn  by  various 
substances  whose  conducting  powers  range  from  the  almost 
infinitely  great  to  the  almost  infinitely  small ;  or,  in  other  words,  by 
varying  the  amount  of  resistance,  which  is  here  shown  to  be  the 
converse  or  reciprocal  of  conductivity,  we  can,  in  a  corresponding 
degree,  vary  the  strength  of  the  current. 

To  summarise  our  observations  on  the  question  of  resistance, 
we  may  say  that  if  we  electrify  two  bodies,  connected  only  by  the 
air,  to  different  potentials,  we  subject  the  intervening  air  to  a 
species  of  stress.  If  we  very  considerably  increase  the  potential, 
the  air  being  no  longer  able  to  sustain  the  stress,  a  discharge  or 
an  electric  flow  ensues,  in  just  the  same  way  that  we  could  force 
the  bottom  out  of  a  tank  of  water  and  empty  it  by  sufficiently 
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increasing  the  pressure.  A  similar  result  can  be  achieved,  with- 
out increasing  the  potential  difference,  by  reducing  the  distance 
between  the  electrified  bodies,  or  by  bridging  over  the  air-space 
with  a  piece  of  -wire  or  other  good  conductor.  In  either  case  the 
ability  to  sustain  the  stress  is  reduced,  and  we  call  this  ability 
to  sustain  the  stress  resistance.  The  more  resistance  we  insert 
between  the  electrified  points  or  bodies,  the  more  do  we  thereby 
reduce  or  prevent  the  flow  of  electricity  from  one  to  the  other. 
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CHAPTER   II. 

PRACTICAL   UNITS— ohm's    LAW— FUNDAMENTAL   UNITS 

In  dealing,  in  the  previous  chapter,  with  the  general  attributes  of 
electricity,  the  only  degree  of  comparison  arrived  at  was  to  say 
that  one  electrification,  resistance,  or  current  was  greater  or  less 
than  another.  And  to  a  somewhat  considerable  extent  this  was, 
until  within  the  last  few  years,  deemed  sufficient.  It  is,  however, 
now  essential  that  more  precision  in  comparing  or  measuring 
forces  and  their  properties  and  effects  should  be  obtained. 
Measurement  is,  in  fact,  the  most  important  branch  of  electrical 
science,  as,  indeed,  it  is  of  every  other  physical  science. 

Instead  of  simply  saying  that  one  lump  of  iron  is  heavier  or 
weightier  than  another,  it  is  usual  to  say  by  how  much  they  differ. 
Thus  one  lump  may  have  a  mass  of  ten  pounds,  and  another  a 
mass  of  twenty  pounds.  The  latter  is  therefore  ten  pounds  heavier 
than  the  former.  We  have  here  introduced  a  unit  of  measure- 
ment, viz.  the  pound,  or  unit  of  mass.  Similarly,  the  inch  or  foot 
may  be  used  as  a  unit  of  length,  the  second  as  a  unit  of  time,  the 
pint  as  a  unit  of  capacity,  the  sovereign  as  a  unit  of  coinage,  and 
so  on.  These  units  are  all  such  as  everybody  can  readily  appre- 
ciate. They  are  so  frequently  employed  that  no  mental  effort  is 
required  to  understand  what  is  meant  when  any  one  of  them  is 
mentioned. 

In  dealing  with  electricity  the  first  thing  we  wish  to  measure 
is  naturally  the  amount  of  the  electrical  difference  between  two 
bodies  which  causes  an  electrical  stress  and  which  may  result  in 
a  current  of  electricity.  But  we  are  confronted  with  two  difficul- 
ties. The  first  is  that  by  none  of  the  everyday  units— by  no  unit 
employed  for  any  other  purpose — are  we  able  to  indicate  exactly 
the  electric  potential  of  a  body.  Moreover,  electricity  being  only 
a  form  of  energy  which  induces  or  causes  a  certain  condition  of 
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miuer,  and  not  inatter  itself,  it  is  impossible  to  measure  it  directly. 

We  can  only  measure  it  by  its  effect  upon  material  substances. 
In  iVie  next  place,  inasmuch  as  it  is  impossible  to  obtain  or  even 
to  conceive  of  a  body  altogether  devoid  of  electrification  (although 
it  is  not  always  perceptible),  it  is  impossible  to  fix  on  an  absolute 
zero  potential,  and  measure  potentials  from  that  point.  In  just  the 
same  way  it  is  impracticable  to  have  a  zero  level,  some  arbitrary 
point  such  as  the  sea-level  at  high  tide  having  to  be  employed  if 
we  wish  to  measure  the  relative  height  of  two  or  more  points.  It 
is,  consequently,  necessary  to  look  elsewhere  for  a  starting-point, 
and  to  fix  on  a  convenient  arbitrary  potential  zero.  We  take  as  a 
zero  the  potential  of  the  earth's  surface,  and  consider  that  bodies 
which  are  said  to  be  positively  electrified  are  at  a  higher  potential 
than  the  earth,  while  negatively  electrified  bodies  are  at  a  lower 
potential.  Positive  and  negative  potentials  may  therefore  be  said 
to  correspond  to  height  and  depth  in  their  relation  to  the  sea-level. 
Inasmuch,  however,  as  we  are  unable  to  detect  any  potential  at 
all  unless  we  take  two  points  or  bodies  whose  potentials  are 
different,  the  measurement  of  potential  itself  again  presents  diffi- 
culties. On  the  other  hand,  when  we  are  called  upon  to  measure 
the  potentials  of  two  bodies,  what  we  really  desire  to  know  is  the 
difference  between  those  potentials  ;  or,  if  we  call  the  potential  of 
one  body  p,  and  that  of  the  other  p„  we  want  to  know  the  value 
of  p  — p,  ;  for,  after  all,  it  is  this  difference  of  potential  that  deter- 
mines the  flow  of  electricity.  This  difference  of  potential,  which, 
when  the  conditions  are  favourable,  is  competent  to  develop  and 
maintain  a  current  of  electricity,  is  known  as  electro-motive  force, 
a  term  which  is  frequently  contracted  into  the  initials  e.m.f.,  or, 
shorter  still,  into  e.  only.  It  is  this  electro-motive  force,  then, 
that  we  desire  to  measure,  and  the  practical  unit  by  which  it  is 
measured  '\&  known  as  the  volt.  We  will,  for  the  present,  rest 
satisfied  with  the  simple  statement  that  the  volt  is  approximately 
equal  to,  although  actually  a  fraction  less  than,  the  electro-motive 
force  of  a  single  Daniell  cell.     (See  Chapter  III.) 

Reference  was  made  in  the  previous  chapter  to  *  resistance,* 
and  it  was  described  as  the  converse  of  conductivity,  which  again  we 
described  as  the  ability  of  a  body  to  transmit  a  current  of  electricity. 
It  is  easy  to  show  that  resistance  may  be  expressed  as  a  ratio 
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— the  ratio  of  electro-motive  force  to  current — and  many  authori- 
ties insist  that  it  should  always  be  regarded  thus.  It  may  also  be 
expressed  as  a  *  velocity/  or  the  ratio  of  length  to  time,  but  we 
prefer  to  deal  with  it  as  it  appeals  to  practical  electricians — viz.  as 
an  attribute  of  matter,  varying  with  different  substances,  and  in 
virtue  of  which  such  matter  opposes  or  resists  the  passage  of 
electricity,  whence  the  current  has  to  do  *  work '  or  expend  'energy ' 
in  effecting  the  passage.  The  law  of  the  conservation  of  energy 
teaches  us  that  energy  is  indestructible,  and  it  follows,  therefore, 
that  if  energy  has  to  be  expended  in  impelling  a  flow  of  electricity 
against  a  greater  or  less  amount  of  resistance,  the  equivalent  of 
that  energy  must  be  developed  in  some  other  form.  This  other 
form  is  usually  heat ;  or,  in  other  words,  when  a  body  opposes  a 
certain  amount  of  resistance  to  the  passage  of  electricity,  heat  is 
produced,  the  actual  amount  of  heat  being  an  exact  counterpart 
of  the  energy  expended  in  overcoming  the  resistance,  and  varying 
therefore  directly  as  that  resistance.  Consequently,  if  we  have 
two  conductors,  the  resistance  of  one  of  which  is  twice  that  of  the 
other,  and  if  we  send  currents  of  equal  strength  through  both 
wires,  twice  as  much  heat  will  be  developed  in  the  conductor  of 
the  higher  resistance  as  will  be  developed  in  that  offering  the  lower 
resistance.  We  shall  have  occasion  to  deal  with  this  subject 
more  fully  in  a  future  chapter,  but  we  may  add  here,  that  if  we 
wish  to  perform  work  at  any  point  by  means  of  an  electric  current 
conducted  by  a  wire  to  that  point,  we  must  keep  the  resistance  of 
that  wire  down  to  the  lowest  practical  limit,  because  every  fraction 
of  the  energy  frittered  away  in  heating  the  conductor  means  so 
much  less  energy  available  for  the  particular  work  which  we  wish 
the  current  to  perform  at  the  far  end  of  the  conductor.  It  is 
apparent,  then,  that  we  require  a  unit  by  which  we  shall  be  able 
to  compare  the  resistances  of  various  substances,  and  the  unit 
selected  is  called  the  ohm.  It  was  decided  by  an  International 
Congress  of  Electricians  w^hich  assembled  in  Paris  in  1884  as  being 
equal  to  the  resistance  which  is  offered  to  the  flow  of  electricity 
by  a  column  of  mercury  one  square  millimetre  (the  millimetre  is 
equal  to  0*03937  of  an  inch,  or  a  small  fraction  less  than  ^^  of  an 
inch)  in  section,  and  106  centimetres  long  (the  centimetre  is  equal 
to  o'3937  of  an  inch),  the  temperature  being  at  the  freezing  point 
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(32^*  Yahrenheit  or  o®  Centigrade),  and  the  pressure  of  the  air 
equal  lo  tVie  pressure  at  the  base  of  a  column  of  mercury  30  inches, 
OT  760  millimetres,  in  height.  The  Congress  which  determined 
the  value  of  this  unit  also  decided  that  it  should  be  known  as 
the  'legal'  ohm,  and  it  was  understood  to  be  but  a  provisional 
determination  to  remain  in  force  until  further  and  more  exact 
experiment  should  decide  the  precise  length  of  the  column.  At 
another  Congress,  held  at  Chicago  in  1893,  it  was  decided  that  the 
length  of  the  mercury  column  should  be  io6"3  centimetres,  and 
that  the  name  of  this  unit  should  be  the  *  international '  ohm  ;  but 
this  unit  has  not  yet  been  adopted  to  any  great  extent,  most 
people  preferring  to  await  further  developments.  A  millionth 
part  of  an  ohm  is  called  a  microhm,  and  one  million  ohms  a 
megohm.  The  ohm  is  frequently  indicated  by  the  symbol  w,  and 
the  megohm  by  the  symbol  O  ;  thus  15  w  means  15  ohms,  and 
4  11  represents  4  megohms  or  4  million  ohms. 

There  have,  in  the  past,  been  an  almost  unlimited  number  of 
units,  more  or  less  crude  and  unreliable  ;  for  it  must  be  borne  in 
mind  that  for  a  unit  to  be  of  any  real  value  it  must  be  permanent 
or  durable,  it  must  be  susceptible  of  confirmation,  and  its  deriva- 
tion must  be  well  known  and  invariable.  One  of  the  earlier  units 
of  resistance  was  that  offered  by  a  mile  of  the  then  best  pro- 
curable iron  wire  of  a  certain  gauge  or  diameter.  The  indefinite- 
ness  of  such  a  unit  may  be  conceived  when  it  is  called  to  mind 
that  even  now  no  two  samples  of  w^re  can  be  obtained  which  will 
offer  the  same  resistance ;  and  still  more  so  was  this  true  a  few 
years  ago,  when  the  quality  of  iron  wire  as  a  conductor  was  vastly 
inferior  compared  with  what  it  now  is,  both  as  regards  its  actual 
resistance  and  its  uniformity. 

The  only  other  unit  which  we  need  consider  is  that  known  as 

the    'B.A.J    or    British  Association,  Unit.     It  was  determined  in 

London  in   1863  by  a  committee  appointed  for  the  purpose  by 

the  British  Association,  and  the  method  of  determination  then 

adopted   was    the  basis  upon  which  the  Paris  or  legal  ohm  was 

afterwrards   calculated.     These  units  are  both  based  on  what  is 

called  the  C-O-S.  system  (p.  43),  the  Paris  unit  being  really  a 

pction  of  the  B. A.  unit.     The  practical  standard  of  the  former 

u      h  wever,  a  great  advantage  over  that  of  the   latter,  which 
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consisted  of  the  resistance  of  a  certain  length  of  wire  carefully  pre- 
served in  London.  This  was,  of  course,  rarely  used,  and  duplicates 
of  the  standard  Had  to  be  employed  for  comparing  or  standardising 
other  resistances.  The  legal  ohm  is  manifestly  capable  of  being 
reproduced  more  easily,  and  it  is  this  fact  which  imparts  to  it 
its  chief  value.  There  is  the  further  advantage  that  the  risk 
of  change  during  the  course  of  time  in  the  nature,  and  there- 
fore in  the  resistance,  of  any  given  standard  wire  is  avoided. 
The  B.A.  unit  is  a  fraction  smaller  than  the  Paris  ohm,  the 
actual  proportion  being  0*986  to  i*o.  If  it  were  possible  at 
the  present  day  to  universally  adopt  a  common  unit,  it  would 
certainly  be  a  great  advantage,  for  then  everybody  would  know 
what  was  meant  when  anybody  else  mentioned  any  particular 
resistance.  But  prior  to  1 884  a  vast  quantity  of  electrical  appa- 
ratus and  machinery  was  in  use,  and  everything  in  England 
and  certain  other  countries  was  measured  by  the  B.A.  unit, 
while  the  measurements  employed  on  the  Continent  were  for 
the  most  part  referrible  to  the  Siemens  unit,  which  was  the 
resistance  of  a  column  of  mercury  1  metre  (or  39*37  inches)  long, 
the  other  details  as  to  its  size,  temperature,  and  pressure  being  the 
same  as  those  employed  in  devising  the  legal  ohm.  As  it  was,  the 
various  administrations  and  authorities  were  placed  in  a  most  un- 
pleasant dilemma.  If  they  re-standardised  and  re-marked  all  their 
then  existing  apparatus  they  would  have  had  to  incur  enormous 
expense,  while  if  they  continued  the  use  of  their  existing  standards 
they  would  be  perpetuating  an  inconvenience  which  they  had 
called  the  Congress  together  to  remove.  In  the  majority  of  cases 
questions  of  finance  compelled  them  to  adopt  the  latter  alterna- 
tive, so  that  with  us  most  apparatus  continues  to  be  measured  by 
the  B.A.  unit,  some  of  the  apparatus  employed  in  the  newer 
industries,  such  as  electric  lighting,  being  measured  by  the  legal 
ohm.  It  is  probable  that  when  the  various  authorities  are  assured 
that  something  approaching  finality  in  the  value  of  the  unit  has 
been  attained  much  of  the  existing  apparatus  will  be  re -stan- 
dardised. 

The  student  will  frequently  come  across  the  expression  *  specific 
resistance,'  and  it  is  a  most  important  term.  It  may  be  defined 
as  the  resistance  of  any  particular  substance  as  compared  with  the 
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resistance  of  a  piece  of  some  other  conductor,  such  as  silver,  both 

being  of  unit   dimensions,  and  the  test  being  made  under  similar 

cond\Uons.       It  is  a  matter  of  great  convenience  that  different 

bodies  vary  in  their  relative  or  specific  resistances,  for  there  are 

limes  \\Y\en  we  want  the  lowest  possible  resistance,  while  at  other 

times  we  require  a  large  measure  of  resistance,  more  particularly 

wVien  we  desire  to  prevent  an  electric  discharge,  to  prevent  the 

flow  of  an  electric  current,  or  to  prevent  electricity  leaking  from 

one  body  to  another.    Appended  is  a  table  based  upon  that  of  Dr. 

Matthiessen,  which  shows  the  relative  resistance  of  a  number  of 

metals  frequently  met  with,  and  as  the  variation  of  the  temperature 

of  a  body  varies  its  electrical  resistance,  all  the  tests  have  been 

taken  at  a  common  temperature,  viz.  that  of  freezing  point,  or  the 

necessary  corrections  made  to  correspond  to  that  temperature. 

Table  showing  Relative  Resistancks  ok  Chemically  Pure  Substances 
AT  0°  C.  IN  Legal  or  Paris  Ohms 


Name  of  Metal 


I 


Silver,  annealed 

Copper,  annealed 

Silver,  hard  drawn 

Copper,  bard  drawn 
1  Ciold,  annealed 

Oold,  hard  drawn 

Aluminium,  annealed 

Zinc,  pressed     . 

Platinum,  annealed  . 

Iron,  annealed  . 

Lead,  pressed   . 

German    silver,    hard    or) 
annealed  .         •        \ 

Plalinuni-silver  aUoy  (^  | 
platinum,  f  silver)  hard 
or  ann<»Ied    .  •  ' 

'Slercury    -  •  •         • 


V  u 

>  a 


I'OOO 

I  063 
I '086 
1-086 
1-369 

I  "393 
I '935 
3741 

6 '022 

6-460 

1305 
1392 

I6-2I 

6273 


c3  Mjs 

"Bias 

iiii 

9*048 

9 '61 2 

9830 

9831 
1238 

1 2  60 

J  7  "53 
33-85 
54  49 
58-45 
118  08 

125-91 


146-70 
572-30 


I'll 


0-01916 
0*02034 
002080 
o -0208 1 
0*02620 
0-02668 
0-03710 
0-07163 

01153 
0-1237 
02498 

0-2566 


Resistance  in 

inicrohra-s 

Cubic 

Cubic 

inch 

centiineire 

0-5921 

1*504 

0-6292 

1*598 

06433 

1-634 

06433 

1-634 

0-8102 

2  058 

08247 

2094 

I  147 

2-912 

2-215 

5-626 

3565 

9-057 

3825 

9-716 

7728 

19-63 

8  240 

20-93 

9603 

2439 

J715 

94-32 

The  figures  given  in  the  right-hand  column  may  be  taken  as 
representing  the  specific  resistance  of  the  various  substances  ; 
they  state  in  niilhonths  of  an  ohm  the  resistance  offered  between 
two  opposite  faces  of  a  cubic  centimetre  of  each  particular  metal 

or  alloy- 
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An  alloy  of  copper,  nickel,  and  zinc  (the  usual  constituents  of 
German  silver),  combined  with  i  or  2  per  cent,  of  tungsten,  was 
introduced  some  years  ago  under  the  name  of  platinoid.  It  is 
found  that  the  addition  of  tungsten  imparts  greater  density  to  alloys 
and  reduces  any  tendency  to  oxidation.  When  polished,  the  alloy 
is  scarcely  distinguishable  in  appearance  from  silver.  A  cubic 
centimetre  offers  between  opposite  faces  a  resistance  ranging  from 
about  30  to  36  microhms,  so  that  its  resistance  is  about  one  and  a 
half  times  that  of  German  silver.  As,  however,  alloys  always  vary 
more  or  less  in  their  composition,  a  definite  resistance  cannot 
safely  be  assigned  to  any  commercial  variety,  and  calculations 
concerning  them  can  only  be  accepted  as  actually  true  of  the  par- 
ticular samples  tested.  Platinoid,  when  drawn  hard,  is,  like  copper, 
softened  by  heating  and  sudden  cooling. 

The  admixture  of  even  a  minute  proportion  of  foreign  matter 
very  considerably  reduces  the  conductivity  or  increases  the  re- 
sistance of  a  metal.  A  very  remarkable  effect  is  observed  when 
an  alloy  of  two  or  more  metals  is  tested,  for  the  specific  or  relative 
resistance  of  the  alloy  will  always  be  found  higher  than  that  of 
either  of  its  constituents.  Purity  in  the  case  of  simple  substance, 
and  absolute  uniformity  in  the  constitution  of  alloys,  such  as 
German  silver,  is,  therefore,  pre-eminently  essential,  if  the  highest 
conductivity  or  if  a  certain  specific  resistance  is  desired,  as  is 
shown  by  the  following  table,  giving  the  relative  conductivities  of 
various  samples  of  copper. 

Table  showing  the  Comparative  Conductivity  of  Pure 
Copper  and  the  Bar  Copper  of  Commerce  * 

i^All  tlie  wires  were  annealed) 

Conducting  power 

Pure  copper loo'o  at  15*5°  C. 

Lake  Superior,  native,  not  fused                 .  98-8  at  15*5°  C. 

Ditto,  fused,  as  it  comes  in  commerce        .  92*6  at  15  "o®  C. 

Burra  Burra 887  at  14-0^  C. 

Best  selected    .        .        .        .        .        .  81*3  at  14-2°  C. 

Bright  copper  wire 72*2  at  157°  C. 

Tough  copper 71-0  at  17*3^  C. 

Demidoff 59*3  at  127°  C. 

Rio  Tinto 14*2  at  14-8°  C. 

»  Report  of  the  Government  Submarine  Cable  Committee. 
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Or  again,  if  the  relative  conductivity  of  pure  copper  is  taken 
as  I  GO,  then  that  of  copper  mixed  with  i-6  per  cent,  in  volume  of 
silver  will  be  only  65  ;  while  the  conductivity  of  silver  mixed  with 
1*2  per  cent,  in  volume  of  gold  will  be  59  when  that  of  pure  silver 
is  taken  as  100. 

A  highly  interesting  phenomenon  is  the  wonderful  effect  which 
a  variation  in  temperature  produces  upon  the  resistance  of  the 
various  substances  through  which  a  current  may  flow.     The  effect 
would  be  less  surprising  were  it  general,  or  were  it  consistently 
uniform  in  all  bodies,  but  the  great  feature  to  be  observed  is  that 
while  in  the  case  of  metals  the  resistance  of  a  conductor  invariably 
increases  with  an  exaltation  in  temperature,  the  non-metals  all  show 
a  decrease  in  resistance  under  similar  circumstances.     It  is  also  a 
remarkable  feature  that  in  the  case  of  metals  the  variation  is  much 
less  in  alloys  than  in  pure  metals.     These  results  are  fraught  with 
the  greatest  importance,  as  they  limit  considerably  the  number 
of  substances  available  for  many  classes  of  electrical  apparatus. 
For  example,  wires  which  are  to  be  employed  as  standards  for 
comparing  or   measuring  resistances  should  have  as  nearly  as 
possible  the  same  value  at  all  temperatures.     It  may  be  obser\'ed 
that  the  insulating  coatings  of  the  wires  in  the  telegraph  cables 
laid  in  such  waters  as  the  Indian  Ocean  show  a  marked  decrease 
in  their  insulating  properties  after  submergence,  consequent  upon 
the  fact  that  the  water  is  several  degrees  warmer  than  that  in  the 
tanks  in  which  the  standardising  tests  were  made.     The  accom- 
panying table,  showing  the  percentage  variation  in  the  resistance 
of  various  bodies  between  the  temperature  of  freezing  water  and 
that  of  boiling  water,  should  prove  eminently  interesting.     It  is 
certainly  useful  and  important. 

As  may  have  been  gathered  from  what  has  already  been  said, 
when  we  increase  the  length  of  a  conductor  we  invariably  increase 
its  resistance.     This  follows  as  a  matter  of  course  from  the  fact 
that  ii  we  urge  a  certain  current  through  a  wire  of  increased  length, 
we  give  it  more  work  to  do,  necessitating,  consequently,  a  greater 
expenditure  of  energy  in  precisely  the  same  way  that  a  railway 
tn^ne  would  consume  more  coal  in  taking  a  train  a  distance  of 
200  miles  thaii  it  would  consume  in  taking  it  only  half  that  dis- 
tance,    I'be  resistance  of  a  conductor  of  uniform  material  and 
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Name  of  Metal 


Conducting  power 

at  o°  C. 

Silver  =  loo 


Pure  iron 

Pure  thallium    .... 
Other  pure  metals  in  a  solid  sta 
Gold  with  15  p.  c.  iron 
Proof  gold 
Standard  silver . 
Gun  metal  (Austrian) 
Copper  with  25  p.c.  platinum 
Silver  with  5  p.c.  platinum 
Silver  with  98  p.c.  platinum 
Copper  with  97  p.c.  tin    . 
Gold-silver  alloy 
Platinum  with  33*4  p.c.  iridium 
German  silver   . 
Gold  with  47  p.c.  iron      . 
Silver  with  25  p.c.  palladium 
Silver  with  33-4  p.c.  platinum 
Platinoid  .... 


Percentage  fall  of 
conducting  power 
between  0°  and     1 
loo^C. 


i6-8i 

39'2 

9'i6 

31  4 

— 

293 

276 

27-9 

72-55 

26-4 

80-63 

23-2 

2708 

i»-3 

2208 

Ti\5 

31-64 

"•3 

18-04 

71 

12-19 

6-6 

15-03 

6-5 

4  54 

5  9 

7-80 

4  "4 

2-37 

3-8 

852 

3  4 

6-70 

31 

— 

2-09 

thickness  or  cross-section  varies  directly  as  its  length — that  is  to 
say,  if  we  vary  the  length  of  the  conductor  we  vary  its  resistance 
at  exactly  the  same  rate,  or,  in  fewer  words,  resistance  varies 
directly  as  the  length  of  the  conductor.  If  a  mile  of  wire  of  a 
certain  gauge  offers  a  resistance  of  ten  ohms,  two  miles  of  the  same 
wire  would  offer  twenty  ohms. 

The  effect  of  increasing  the  size  or  sectional  area  of  a  con- 
ductor is  to  increase  its  conductivity  and,  consequently,  to  diminish 
its  resistance,  in  exactly  the  same  way  that  increasing  the  diameter 
of  a  pipe  increases  the  amount  of  gas  or  water  that  can  be  passed 
through  it.  The  resistance  of  a  conductor  varies  inversely  as  its 
sectional  area.  That  is,  if  we  have  two  conductors,  such  as  two 
specimens  of  copper  wire,  drawn  from  the  same  bar,  the  amount 
of  resistance  which  the  wires  will  offer  depends  upon  the  size  of 
the  wires  or  on  the  area  of  the  ends  exposed  on  cleanly  cutting 
them  at  right  angles  to  their  length — that  is  to  say,  upon  the 
amount  of  metal  through  which  the  current  can  flow.  Most  wires 
are  round,  so  that  the  section  is  a  circle,  and  it  becomes  necessary 
to  understand  the  method  of  comparing  the  areas  of  circles.  The 
area  of  a  circle  varies  as  the  square  of  its  diameter ;  for  example, 
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if  we  have  two  circles,  one  having  a  diameter  of  one-tenth  of  an 
inch  and  the  other  of  two  tenths  of  an  inch,  their  areas  or  the 
spaces  they  enclose  will  not  be  in  the  proportion  i  :  2,  but  as  the 
squares  of  those  figures,  viz.  i  :  4,  so  that  one  wire  which  is  twice 
the  diameter  of  another,  other  things  being  the  same,  only  offers 
one  quarter  of  the  resistance  offered  by  the  thinner  wire.  While  if  we 
treble  the  diameter  of  the  wire,  or  make  it  three-tenths  of  an  inch, 
the  resistance  will  be  only  one-ninth  of  that  of  the  thinnest  wire. 
As  a  matter  of  fact,  the  thickest  of  these  three  wires  will  weigh 
exactly  nine  times  as  much  as  the  thinnest,  there  being  nine  times 
as  much  metal  in  it.  We  may,  therefore,  state  our  law  in  other 
words  by  saying  that  the  resistance  of  wires  uniform  in  all 
particulars  excepting  thickness  varies  inversely  as  their  weight. 
Thus,  if  a  mile  of  copper  wire  weighs  100  lbs.  and  has  a  re- 
sistance of  9  ohms  and  an  equal  length  of  similar  copper  wire 
weighs  150  lbs.  the  resistance  of  the  latter  will  be  6  ohms.  Again, 
the  specific  resistances  of  iron  and  copper  are  approximately  as 
6  to  I.  If,  now,  a  mile  of  iron  wire,  0-240  of  an  inch  in  diameter, 
has  a  resistance  of  5  ohms,  and  it  is  thought  for  certain  reasons 
desirable  to  substitute  a  mile  of  copper  wire  having  the  same 
resistance,  we  should  have  to  use  wire  weighing  one-sixth  the 
weight  of,  or  whose  sectional  area  would  be  one-sixth  of,  that  of  a 
copper  wire  0*240  of  an  inch  in  diameter,  because  the  resistance 
of  a  mile  of  the  latter  would  be  only  five-sixths  of  an  ohm.  The 
required  thickness  could  be  ascertained  by  rule  of  three,  for  if 
X  stands  for  the  required  diameter, 

6:1::  (o'24o)*  :  x^, 

from  which  we  find  x'^  =  0-0096.  Therefore  x,  or  the  required 
diameter,  is  equal  to  the  square  root  of  0*0096,  or  0*098  of  an 
inch  nearly. 

A  conductor  offers  to  the  passage  of  electricity,  at  a  given 
temperature,  a  constant  resistance  which  is  altogether  independent 
either  of  the  electro-motive  force  or  of  the  strength  of  the  current. 
That  is  to  say,  a  wire  which  offers  10  ohms  to  the  passage  of  a 
feeble  current,  offers  precisely  the  same  resistance  to  a  powerful 
current,  except  in  so  far  as  an  increase  in  the  strength  of  the  current 
involves  a  corresponding  increase  in  the  temperature  of  the  wire, 
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and  this  increased  temperature  causes  a  proportionately  increased 
resistance,  as  already  pointed  out. 

We  come  now  to  the  consideration  of  the  laws  which  deter- 
mine the  strength  of  a  current  and  of  the  relationship  subsisting 
between  strength  and  the  other  attributes  of  an  electric  current. 
The  real  relationship  can,  perhaps,  be  best  understood  by  the  aid 
of  a  simile.  Let  us  suppose  two  tanks,  one  very  high  up,  say 
a  hundred  feet  above  the  ground,  the  other  raised  only  a  few  feet. 
Let  both  tanks  contain  the  same  quantity  of  water,  and  let  both  of 
them  be  supplied  with  pipes,  the  one  for  the  upper  tank  being,  how- 
ever, very  much  smaller  in  diameter  than  that  for  the  lower.  On 
turning  the  taps  the  water  from  the  upper  tank  will  issue  forth 
with  much  greater  force  than  that  from  the  lower  tank,  although 
the  quantity  or  rate  of  flow  from  the  lower  tank  may  considerably 
exceed  that  from  the  upper  tank.  In  other  words,  the  pressure  in 
the  long  small  pipe  is  much  greater  than  in  the  short  but  large 
one,  while  the  quantity  of  water  delivered  by  the  former  is  con- 
siderably less  than  that  delivered  by  the  latter.  Pressure  in  the 
case  of  a  column  of  water  corresponds  with  the  electro- motive 
force  of  a  battery,  while  the  volume  or  quantity  of  water  flowing 
through  the  pipe  corresponds  to  current  strength.  But  to  pursue 
the  analogy  still  farther,  if  the  upper  tank  be  raised  sufliciently 
high,  the  greater  pressure  so  obtained  will  aug.ment  the  velocity  of 
the  water,  and  the  two  tanks  will  be  emptied  in  the  same  time. 
There  are  two  things,  then,  that  govern  the  quantity  of  water 
delivered  or  the  rate  of  delivery — viz.  the  pressure,  and  the  size  of 
the  pipe,  which  latter  corresponds  in  electrical  considerations  with 
the  size  of  the  conductor  and  consequently  with  the  resistance. 

By  current  strength  is  meant,  therefore,  the  rate  of  flow  of 
electricity^  and  it  is  measured  by  tJu  quantity  of  electricity  passing 
any  point  in  a  circuit  during  a  given  time.  It  corresponds  to  the 
rate  of  delivery  of  gas  or  water  by  a  pipe.  In  a  simple  circuit  it 
depends  upon  two  things,  the  electro-motive  force  of  the  generator 
or  battery  and  the  resistance  of  the  whole  circuit,  which  comprises 
the  wire  and  apparatus  as  well  as  the  battery  itself.  The  practical 
unit  of  current  strength  or  rate  of  delivery  is  called  the  ampere^ 
and  is  that  strength  of  current  which  is  developed  in  a  circuit  of 
one  ohm  resistance  by  an  electro-motive  force  of  one  volt.     If 
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this  current  is  maintained  for  one  second,  one  unit  of  electrical 
quantity  is  delivered  and  this  unit  is  called  the  coulomb.  If  a 
current  of  half  an  ampere  flows  for  two  seconds,  the  quantity  of 
electricity  delivered  is  again  one  coulomb.  So  also  is  it  if  a  current 
of  two  amperes  flows  for  half  a  second,  so  that  in  every  case  the 
rate  of  flow,  or  current  strength  in  amperes  multiplied  into  the 
time  in  seconds,  gives  us  the  total  quantity  of  electricity  or  the 
number  of  coulombs.  Thus  if  Q  represents  the  quantity  of  electricity 
in  coulombs,  c  the  current  strength  in  amperes,  and  /  the  time  in 
seconds,  q  »,  c  x  /. 

As  the  quantity  of  electricity  delivered  is  rarely  required  to 
be  known,  but  rather  the  rate  of  delivery  or  flowing,  we  will 
deal  more  fully  with  the  method  of  ascertaining  this  rate.  In 
order  that  this  matter  may  be  more  readily  understood,  we  will  at 
once  proceed  to  the  discussion  of  *  Ohm's  Law,'  which  declares 
that  the  current  strength  varies  directly  as  the  electro-motive  force, 
and  inversely  as  the  resistance.  This  law  may  be  represented  by 
the  simple  equation — 

Electro-motive  force  ^  ^^^^^^^ 
Resistance 

E 

or,  =  c. 

R 

As  an  example  of  the  relation  which  the  units  bear  to  each 
other,  we  may  take  the  simple  case  of  a  battery  having  an  electro- 
motive force  of  one  volt  and  sending  a  current  through  a  circuit 
whose  total  resistance  is  one  ohm.  The  current  strength  will 
then  be  one  ampere,  thus  : — 

I  volt 

=  I  ampere, 

1  ohm 

and  if  this  current  is  maintained  for  one  second,  one  coulomb  of 

electricity  will  have  passed.     By  doubling  the  resistance,  we  get 

1  volt 

==  o'5  ampere. 

2  ohms 

Similarly,  by  doubling  the  electro  motive  force  we  get,  with  unit 

resistance,  2  volts 

— ,      =  2  amperes, 
t  ohm 
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A  little  reflection  will  make  evident  the  subsidiary  law  that 
the  current  strength  is  the  same  in  all  parts  of  the  circuity  and  does 
not  in  any  sense  vary  in  different  parts  of  the  same  circuit.  The 
current  strength  can  easily  be  supposed  to  be  uniform  in  a  uniform 
conductor,  but  if  we  make  up  a  circuit  with  wires  of  different 
degrees  of  conductivity,  or  if  we  interpose  any  liquid  conductor, 
the  same  law  holds  good,  just  as  would  be  the  case  if  we  were  to 
urge  a  current  of  water  through  a  pipe  of  variable  diameter.  It  is 
manifest  that  if  a  gallon  of  water  enters  the  pipe  in  a  certain  time, 
the  same  volume  must  pass  out  in  the  same  time  (supposing  the 
pipe  to  have  been  already  full),  and  the  same  volume  must  pass 
ever}'  point  in  the  pipe  in  the  same  interval  of  time,  although  in 
the  thinner  or  smaller  portions  of  the  pipe  the  water  travels 
faster  and  generates  a  little  more  heat  by  friction  with  the  sides 
of  the  pipe  than  in  the  larger  sections  of  it.  This  latter  analogy 
also  holds  good  with  regard  to  electricity,  for  in  the  thinner  wire  or 
poorer  conductor  more  heat  will  be  developed  than  in  the  thicker 
or  !)ctter  conductor.  It  is  this  fact  that  makes  electric  lighting  by 
incandescent  lamps  possible.  It  is  doubtful  whether  in  the  whole 
range  or  history  of  electrical  science  a  law  has  ever  been  enun- 
ciated so  full  of  truth  and  of  such  immense  importance  as  that 
discovered  by  George  Simon  Ohm,  and  we  shall  find  frequent 
need  to  refer  to  it  in  the  succeeding  chapters. 

For  the  benefit  of  those,  and  our  experience  teaches  us  that 
they  are  very  numerous,  who  do  not  understand  the  full  meaning 
of  a  simple  equation,  we  may  say  that  if 

F  F 

-  =  c,  then  -'  =  R,  and 
R  c 

E  r=  Rc  (or  RXC). 

So  that,   if,  of  these  three  quantities,  we  are  told  two,  we  can 

always  readily  calculate  the  third.     Thus,  with  a  current  of  two 

amperes  and  an  electro-motive  force  of  lo  volts,  the  resistance 

will  be  ,o 

-  -  =  5  ohms. 

2 

Similarly,  if  a  current  of  5  amperes  flows  through  a  resistance  of 
10  ohms,  the  electro-motive  force  capable  of  maintaining  this  cur- 
rent will  be  JO  X  5  =  50  volts. 
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When  two   or  more  channels  or  paths  are  open  to  a  current 

of  electricity,    the  current  divides  between  them,  just  as  water 

or  gas  in   a  pipe  will  divide  into  any  number  of  branch  pipes. 

If   in    the    case    of  electrical    conductors    there  are  two  wires 

(a  and  B,  fig.  5),  between  which  the  current  can  divide,  and  if 

Fig.  5. 


d 


A  =  IO^ 


B»  io"> 


the  resistances  of  the  two  wires  are  equal,  the  current  will  divide 
equally  between  them  ;  thus,  if  a  current  of  two  amperes  flows 
from  the  battery  p,  one  ampere  will  go  through  each  wire,  the  two 
currents  re-uniting  at  the  junction  and  returning  to  the  battery 
by  the  common  wire.  When  the  resistances  are  not  equal,  the 
current  will  divide  inversely  as  the  resistances  ;  thus,  if  the  resist- 

Fic.  6. 
A.  10"^ 

^H; 


C 


B  s  20<*> 


ance  of  one  wire  (a,  fig.  6)  is  10  ohms,  and  of  another  (b)  is  20 
ohms,  and  a  current  of  three  amperes  divides  between  them,  two 
amperes  will  go  through  the  wire  a  of  10  ohms  and  one  ampere 
through  the  wire  b  of  20  ohms. 

When  two  or  more  wires  are  joined  together  so  that  the 
current  divides  between  them,  they  are  said  to  be  joined  up  in 
*  parallel,'  and  when  the  end  of  one  is  joined  to  the  end  of  another 
so  that  the  whole  current  goes  through  both  wires,  one  after  the 
other,  the  wires  are  said  to  be  joined  up  in  *  series.' 

The   law    for  two  conductors  holds  equally  good  for  a  larger 

number.      Thus,  if  there  are  10  wires  of  uniform  resistance  and  a 

current  of  1^0  amperes  divides  between  them,  it  will  do  so  equally, 

so   that    onG    ampere  will  flow  through  each  wire.     When   the 

resistances  vary,  then  the  current  flowing  through  each  wire  will 

rar^  also,  but  in  the  inverse  ratio. 
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When,  however,  two  or  more  wires  are  joined  up  in  parallel,  a 
serious  alteration  is  made  in  the  condition  of  the  circuit,  for  the 
total  amount  of  current  that  is  produced,  whether  it  be  from  a 
primary  battery,  a  dynamo-electric  machine,  or  any  other  source 
of  electrical  energy,  will  be  increased.  This  increase  follows  from 
the  fact  that  when  wires  are  joined  up  in  parallel,  their  united,  or, 
technically  speaking,  their  joint  resistance  is  less  than  that  of  any 
one  of  the  wires  taken  separately.  The  meaning  of  this  will  be 
more  readily  apparent  if  a  wire  is  regarded  as  a  conductor  rather 
than  as  a  source  of  resistance.  Thus,  if  two  equal  wires  lie  side 
by  side  and  the  current  is  allowed  to  flow  through  them,  the  con- 
ducting power  of  the  double  wire  will  be  twice  that  of  either  wire 
taken  separately,  in  precisely  the  same  way  that  a  water  or  gas- 
pipe  two  square  inches  in  section  will  transmit  twice  as  much  as 
a  similar  pipe  only  one  square  inch  in  section.  If,  therefore,  the 
conductivity  of  the  two  wires  in  parallel  is  twice  that  of  one  of 
them,  their  united  or  joint  resistance  will  be  only  half  that  of 
one  of  them.  Thus,  if  two  wires,  each  of  loo  ohms  resistance, 
are  joined  to  a  battery  in  parallel,  their  joint  resistance  will  be  50 
ohms.  Similarly,  if  ten  wires,  each  of  100  ohms  resistance,  are 
joined  in  parallel,  they  will  offer  a  joint  resistance  of  10  ohms. 
We  can,  therefore,  say  that  if  any  number  of  wires  («)  of  uniform 
resistance   (r)  are  joined  in  parallel,  or  *  multiple  arc,'  as  the 

arrangement  is  sometimes  called,  then  their  joint  resistance  =  -. 

ti 

Suppose,  now,  that  our  battery  has  an  electro-motive  force  of  100 

volts,  and  that  its  internal  resistance  is  negligibly  low ;  with  one 

w^ire  of  100  ohms  joined  on  we  get — 

100  volts 

,  -  -  =  I  ampere. 
1 00  ohms 

With  two  such  wires  we  get — 

100  volts       100 

=■  -     =  2  amperes. 

'°°ohms       50 

2 

This  current  divides  equally  between  the  two  wires,  one  ampere 
going  through  each. 
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With  ten  wires  we  get — 

100  volts  ^  ipo  ^  j^  amperes. 

l^^ohms       '° 
10 

Whence  one  ampere  will  still  go  through  each  wire,  so  that  the 
strength  of  the  current  increases  in  precisely  the  same  proportion 
as  the  number  of  wires.  If,  however,  the  internal  resistance  of 
the  battery  is  proportionally  high  enough  to  necessitate  its  being 
taken  into  account,  the  reduction  of  the  external  resistance  will 
not  produce  so  marked  an  effect.  With  a  battery  resistance  of 
100  ohms  and  a  single  wire  of  a  like  resistance  we  get 

100  100 

-  =         =  o'S  ampere, 

100  +•  100      200 

and  when  two  wires  are  joined  in  parallel  we  get— 

__  i<^^      =  L^^  =  0-66  ampere. 
100  +  100       150 


With  ten  wires  we  get- 


I 00  I 00 

--  *  =  -     =  o 'GO  ampere. 

100  +  roc      no 


Thus  with  two  wires  in  parallel  a  current  of  0*33  ampere  would 
flow  through  each  wire,  while  with  ten  wires  the  current  strength 
in  each  wire  would  be  only  009  ampere. 

When  the  parallel  circuits  are  of  different  resistance,  the  calcu- 
lation of  their  joint  resistance  involves  a  little  more  trouble.  Let 
us  suppose  two  wires  joined  in  parallel,  their  individual  resistances 
being  R,  and  R2  respectively.  As  we  have  already  pointed  out, 
resistance  is  the  converse  of  conductivity.     Therefore,  r,  and  Rj 

representing  the  resistances,  -  and  -  will  represent  their  conduc- 
tivities whence  the  united  conductivity  will  be      4-  -,  which  is 

1  .Q  Ri  Jv??,  This  being  the  joint  conductivity,  the  joint 
equal  i        «.   r^ 
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resistance  will  be  the  converse  of  this,  viz.,  J?Jl3*^    :    thus,  if  r, 

=  500  ohms  and  Rg  =  1,000  ohms,  their  joint  resistance  will  be 

^00  X  1000       1; 00,000  , 

^ .  =  —         =  333' 3  ohms. 

500  f  1000         1,500 

Briefly  put,  it  may  be  said  that  the  joint  resistance  of  any  two 
conductors  is  equal  to  the  product  of  those  resistances,  divided 
by  their  sum. 

Similarly  with  three  (or  more)  wires  of  different  resistances, 
their  joint  conductivity  would  be 

I         I         I  __  R,  R2  +  R2  R:j  +  Ri  R3 

I        "t"       — -^ , 

R|       R2       R3  R|  Rji  R3 

whence  the  joint  resistance  will  be 

R1R2R3 
Ri  R2  "H  Ra  R3  "H  R|  R3 

If  R,,  R2,  and  R3  are  500,  1,000,  and  2,000  ohms  respectively, 
their  joint  resistance  will  therefore  be 

500  X  r,ooo  X  2,000 

(500  X  1,000)  H-  (1,000  X  2,000)  +  (500  X  2,000) 

r, 000,000,000         o         u 
=    '       '       *        =  2857  ohms. 
3,500,000 

In  the  process  of  electrical  testing  it  is  frequently  found  to  be 
necessary  to  employ  wires  of  various  resistances,  either  as  standards 
for  comparison,  or  simply  for  the  purpose  of  placing  in  a  circuit 
and  varying  the  strength  of  the  current  therein.  The  wires  are 
usually  coiled  up  or  wound  on  bobbins,  so  as  to  occupy  little 
space,  and  are  then  placed  in  a  convenient  case  or  box  ;  such  a 
set  of  coils  is  known  as  a  resistance-box,  or  rheostat.  But  if  the 
coils  are  to  be  of  any  real  value  as  standards,  great  care  must  be 
exercised,  not  only  in  accurately  measuring  their  resistance,  but 
also  in  selecting  the  materials  of  which  they  are  made,  so  as  to 
avoid  deterioration  or  change  of  any  kind.  The  wire  must  be 
completely  covered  throughout  by  some  good  insulating  substance, 
to  prevent  contact  between  adjacent  convolutions,  and  the  mate- 
rial used  for  this  purpose  must  be  able   to  withstand  without 
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tW^e  lYve  liighest  temperature  to  which  it  is  likely  to  be  sub- 
jected ;  an<i  it  must  also  be  incapable  of  producing  any  injurious 
action  on  the  iwire.  The  best  insulating  material  for  such  resist- 
ance col\s  is  silk  thread,  which  is  wound  spirally  over  the  wire  in 
one  OT  two  layers.  The  metal  employed  for  the  conductor  must 
be  free  from  any  liability  to  oxidation.  Another  important  matter 
for  consideration  is  the  amount  of  its  variation  in  resistance, 
with  a  given  change  of  temperature. 

In  very  important  work  it  is  necessary  to  know  the  tempera- 
ture at  which  a  coil  was  originally  measured,  and  either  bring  it 
to  that  same  temperature  during  the  experiment  or  else  make  a 
correction  in  the  result.  But  either  course  is  somewhat  tedious, 
and  in  ordinary  cases  impracticable.  In  practice  the  coils  are 
measured  at  the  temperature  at  which  it  is  probable  they  will 
generally  be  used,  say  15°  C.  (59°  F.),  and  the  error  lessened  by 
choosing  a  metal  whose  percentage  of  resistance  variation  with 
change  of  temperature  is  very  low. 

In  addition  to  changing  with  any  alteration  in  the  temperature 
of  the  atmosphere,  the  wire  is  more  or  less  heated  by  the  passage 
of  a  current  itself,  so  that  its  resistance  may  easily  alter  during 
even  a  brief  or  rapidly  performed  test  or  experiment.  An  exami- 
nation of  the  table  given  on  page  22  shows  the  variation  of  a 
platinum-silver  alloy  to  be  very  small,  and  this  alloy  is  therefore 
very  extensively  employed  in  high-class  apparatus,  where  the 
expense  becomes  a  matter  of  minor  importance. 

For  coils  of  high  resistance  it  is  necessary  to  choose  a  metal 
whose  specific  resistance  is  high  ;   otherwise  the  length  of  wire 
would  probably  be  inconveniently  great.     For  low  resistances,  how- 
ever, this  is  not  so  important ;  in  fact,  if  a  metal  of  high  specific 
resistance  is    then  used,  the  wire  must  be  comparatively  thick, 
otherwise  it  would  be  so  short  that  very  great  difficulty  would  be 
experienced  in  making  the  coils  of  exactly  the  right  resistance, 
because   a  considerable  difference  would  be  caused  by  a  small 
error  in  the  length  of  the  wire.     In  all  cases,  however,  there  is 
the   great  advantage   in  the  case  of  a  thick  wire,  that  a  given 
amount  oi  heat  raises  its  temperature  to  a  less  extent  than  it  would 
a  thinner  wire. 

Copper  is    unsuitable   for  resistance  coils  on  account  of  its 
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great  variation  in  resistance  under  a  variation  of  temperature  ; 
and,  as  its  specific  resistance  is  low,  it  would  be  necessary  to 
employ  either  a  very  long  or  a  very  fine  wire  to  make  a  coil 
of  high  resistance. 

Taking  into  consideration  cost,  durability,  high  specific  resist- 
ance, and  low  temperature  error,  German  silver  is  undoubtedly 
the  most  useful  material  for  the  purpose ;  and  it  is  consequently 
used  more  frequently  than  anything  else. 

A  single  resistance  coil— such,  for  example,  as  a  standard  coil, 
or  one  designed  for  some  other  special  purpose — is,  after  having 
been  carefully  wound  on  an  ebonite  or  boxwood  bobbin,  usually 
mounted  in  a  wooden  case  or  box,  furnished  with  an  ebonite 
cover.  Two  brass  blocks  or  plates,  to  which  the  ends  of  the 
wire  are  soldered,  are  screwed  on  to  the  under  side  of  this  cover. 
Connection  with  the  external  circuit  is  made  by  means  of  terminals 
fixed  on  the  top  of  the  case,  and  connected  electrically  with  the 
plates  underneath.  The  form  of  terminal  employed  is  a  matter  of 
more  importance  than  it  is  usually  considered  to  be,  for  the  con- 
tact surfaces  at  the  junction  of  two  conductors,  or  two  parts  of  the 
same  conductor,  always  offer  some  resistance,  and  if  these  surfaces 
are  oxidised  or  dirty,  or  if  the  contact  is  not  firm,  this  resistance 
will  probably  be  considerable.  It  is  for  this  reason  that  the  form 
of  terminal  or  binding- screw  shown  in  fig.  7  is  open  to-  serious 
objection,  the  contact  being  as  a  rule  uncertain.  Such  terminals, 
in  which  dependence  for  good  contact  has  really  to  be  made  upon 
the  end  of  a  screw  (frequently  pointed  as  if  to  accentuate  the  evil), 
should  be  eschewed,  at  least  for  small  wires  or  such  as  can  be 
readily  bent  with  the  fingers.  A  much  better  and  more  reliable 
terminal  is  that  shown  in  fig.  8,  where  the  wire  is  clamped  between 
a  fixed  base  and  a  screw  nut.  In  tightening  the  nut,  a  rubbing 
effect  is  produced,  which  assists  in  removing  any  superficial  dirt 
either  on  the  wire  or  on  the  terminal,  and  so  tends  to  ensure  good 
and  steady  contact.  When  using  this  terminal  the  wire  should  be 
bent  round  the  screw  shaft,  and  not  simply  gripped  upon  one  side 
of  it,  otherwise  there  will,  in  tightening  up,  be  a  risk  of  bending 
the  shaft.  With  the  large  wires  used  in  electric  lighting  it  is 
inconvenient  and  sometimes  impracticable  to  bend  the  wire.  In 
that  case  the  first-mentioned  type  of  terminal,  fig.  7,  or  a  modifi- 
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cation  of  it,  is  resorted  to.  In  the  case  of  *  stranded '  conductors 
special  terminals  are  required,  and  a  further  reference  to  these 
will  be  found  in  the  closing  chapter. 

Fig.  7. 


Fig.  8. 


As  it  more  generally  happens  that  a  number  of  coils  are 
required  to  be  so  put  together  that  the  resistance  to  be  introduced 
into  any  particular  circuit  can  be  varied  at  will  from  zero  to 
the  maximum,  special  devices  have  to  be  employed  to  obtain  this 

Fig.  9. 


result  with  the  smallest  possible  waste  of  time.  Fig.  9  shows  the 
best  method  of  casing  a  number  of  coils  of  various  resistances  ; 
all  the  coils  are  joined  in  series,  and  the  junction  of  each  pair  is 
soldered  to  the  bottom  of  a  brass  block,  as  shown  in  the  figure, 
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or  to  a  pin  projecting  from  the  under  side  of  the  block.     Great 
care  is  taken  in  winding  to  ensure  the  absence  of  contact  or 
leakage  between   one   portion  of  the    wire   and  another.     The 
bobbins  are  fixed  to  the  under  side  of  the  ebonite  top  of  the  case, 
the  wires  being  connected  to  the  brass  blocks  a,  by  c,  //,  e,  which 
are  firmly  fixed  to  the  upper  side  of  the  ebonite,  the  adjacent  ends 
of  the   various  blocks   being   turned   out   to   receive  a  slightly 
tapered  or  conical  brass  plug.      The  end  blocks  are  fitted  with 
terminal  screws,  T|  and  Tg,  to  which  any  external  wires  can  be 
connected.     Now,  if  a  wire  leading  from  the  copper  pole  of  a 
battery  is  joined  to  a  terminal,  t,,  and  another  from  the  zinc  pole 
to  Tj,  a  current  will  flow  through  the  coils  in  the  resistance  box, 
starting  from   the  left-hand  block  a  and  passing  through   the 
resistance  coil  No.  i  to  the  second  brass  block  b.     Here  it  has 
two  paths  open  to  it ;  one  through  the  coil  No.  2,  of  compara- 
tively high  resistance,  the  other  through  the  brass  plug  p,  which 
has,  practically,  no  resistance  at  all.     All  the  current  will  therefore 
pass  by  the  latter  path,  and  none  through  the  coil,  which  is  said 
under  these  circumstances  to  be  *  short-circuited '  by  the  plug  p. 
The  current  must  pass  through  the  coils  3  and  4  before  it  reaches 
the  terminal  Tg.     The  total  resistance  interposed  in  the  current  by 
means  of  the  resistance  box  will  therefore  be  1  +  3+4=8  ohms. 

The  brass  plug,  which  should  be  furnished  with  an  ebonite 
cap  or  top,  must  be  carefully  tapered  to  fit  the  hole  exactly. 
Should  there  be  the  slightest  shake,  or  should  there  be  any  dirt 
or  grit  on  the  blocks  or  on  the  plug  itself,  the  contact  will  be  un- 
certain and  the  resistance  variable.  WTien  properly  made,  the 
plug,  on  being  inserted  with  a  little  pressure  and  a  slight  twist — 
say  to  the  right — should  fit  so  thoroughly  that  on  raising  it  the 
resistance  box  should  be  lifted  with  it.  The  pressure  applied 
should  not  be  excessive,  otherwise  there  will  be  some  risk  ot 
distorting  the  cover  of  the  box.  Many  cases  have  occurred  where 
so  great  a  pressure  has  been  applied  that  a  permanent  distortion 
has  been  produced,  and  the  proper  fitting  of  the  plug  rendered 
impossible.  The  plug  should  not  be  made  so  long  that  it  can 
butt  against  the  ebonite  at  the  bottom  of  the  hole,  and  should  the 
plug  in  course  of  time  wear  so  much  that  it  does  touch  the  bottom, 
the  end  should  be  carefully  filed  off.     To  remove  the  plug  it 
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should  be  necessary  to  first  loosen  it  by  giving  a  slight  twist  to 
the  left.  The  lower  and  the  two  vertical  edges  or  corners  of  the 
blocks  should  be  filed  away,  as  shown  in  fig.  9,  to  give  a  larger 
ebonite  insulating  surface  between  the  blocks  and  to  allow  this 
surface  to  be  kept  clean.  This  arrangement  is  necessary  in  order 
to  prevent,  as  far  as  possible,  any  short-circuit  being  caused  by 
the  accumulation  of  dust  and  dirt. 

Resistance  coils  fitted  in  this  way  can  easily  be  put  in  or  taken 
out  of  the  circuit,  by  withdrawing  or  inserting  plugs  between  the 
brass  blocks  to  which  the  ends  of  the  various  coils  are  soldered. 
It  is  hardly  necessary  to  remark  that  the  surfaces  of  contact  should 
not  be  lacquered,  but  should  be  kept  bright  and  clean.  The 
slight  twisting  recommended  above  in  inserting  a  plug  serves  the 
further  useful  purpose  of  keeping  the  contact  surfaces  clean. 

Resistance  coils  are  frequently  used  in  conjunction  with  and 
in  the  immediate  vicinity  of  delicate  measuring  apparatus  in  which 
a  sensitive  magnetised  needle  is  employed.  If,  in  such  cases,  the 
coils  are  wound  continuously  on  the  bobbin,  or  in  the  same 
manner  as  a  solenoid,  an  *  electro-magnetic  field  *  will  be  set  up 
immediately  a  current  is  sent  through  the  coils,  which  may  be 
sufficiently  strong  to  impart  motion  to  the  needle.  If  the  instru- 
ment is  being  employed  to  measure  either  the  current  passing 
through  the  resistance,  or  any  effect  of  that  current,  serious  errors 
may  therefore  be  introduced  by  the  direct  effect  of  the  coils  upon 
the  needle.  Again,  as  we  shall  see  later  on,  it  is  impossible  to 
start  or  stop  a  current  in  a  solenoid  suddenly,  because  work  is 
done  and  time  occupied  in  establishing,  and  again  in  disestablish- 
ing, the  electro- magnetic  field.  These  are  serious  defects,  and  it 
is  fortunate,  therefore,  that  the  remedy  is  simple. 

To  obviate  the  difficulty  it  is  only  necessary  that  the  wire 
should  be  wound  *  double ' — that  is  to  say,  the  required  length 
should  be  measured  off  and  then  doubled  in  the  middle,  the  two 
halves  being  wound  on  together.  The  meaning  of  this  will 
perhaps  be  more  apparent  on  referring  to  the  illustration  (fig.  9). 
The  double  winding  is  more  easily  managed,  especially  with  long 
coils,  by  winding  the  two  halves  off  two  separate  spools  or  bobbins 
and  soldering  the  inner  ends  together.  In  either  case  the  two 
extremities  of  each  coil  are  brought  out  together.     We  have  thus 
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two  similar  helices  carrying  currents  equal  in  strength  but  oppo- 
site in  direction,  and  the  consequence  is  that  the  disturbing  effect 
which  would  be  produced  by  one  helix  is  exactly  counteracted 
or  neutralised  by  the  opposite  effect  which  would  be  due  to  the 
other. 

When  the  coils  to  be  enclosed  in  a  box  are  numerous,  it  is 
inconvenient  to  place  them  in  one  long  row  and  thus  make  a  long 
narrow  box.  It  is  preferable  to  arrange  them  in  two,  three,  or 
more  parallel  rows,  connecting  these  rows  together  by  brass  blocks 
and  plugs,  as  indicated  in  fig.  lo.  The  centre  of  each  block  may 
also  be  provided  with  a  tapered  hole  of  the  same  size  as  those 
between  the  blocks,  in  order  that  the  plugs  may  be  placed  in 
them  when  not  in  use  for  short-circuiting  the  coils.     It  is  most 

Fig.  lo. 


important  that  all  the  holes  and  all  the  plugs  should  be  of  exactly 
the  same  dimensions,  so  that  the  plugs  may  be  interchangeable, 
or  that  any  one  plug  may  be  used  for  any  of  the  holes.  Failing 
this,  considerable  inconvenience  and  risk  of  error  would  speedily 
ensue,  for  then  there  would  be  a  particular  plug  for  each  hole, 
and  very  great  difficulty  would  be  experienced  in  using  them  and 
keeping  them  in  their  proper  places. 

Another  very  useful  form  of  resistance-box  or  rheostat  is 
shown  in  fig.  ii.  The  coils  are  placed  inside  a  round  brass  case 
or  box  provided  with  an  ebonite  top  and  mounted  on  a  mahogany 
base.  Ten  coils,  each  of  40  ohms  resistance,  are  connected  to 
eleven  rounded  steel  points  projecting  through  the  ebonite  top  of 
the  instrument.  Ten  other  coils,  each  of  400  ohms  resistance, 
are  connected  to  the  steel  points  on  the  other  half  of  the  top 
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side  of  the  ebonite.  Three  more  coils  are  connected  to  the 
brass  blocks  fixed  on  the  base  of  the  instrument ;  when  not 
required  the  last-mentioned  coils  are  short-circuited  by  the 
usual  brass  plugs.  Supposing  the  current  to  enter  by  the  right- 
hand  -  terminal,  it  will  pass  to  the  nearest  brass  block,  then 
through  the  coils  of  4,000,  20,  and  10  ohms  (or  through  such 
plugs  as  may  be  inserted  between  the  respective  blocks),  to  the 
brass  block  nearest  to  the  left-hand  terminal.      It  then  passes 

Fig.  II. 


by  a  piece  of  insulated  wire  under  or  in  the  base  of  the  instru- 
ment to  the  zero  stud  on  the  right-hand  side,  whence  it  will 
pass  through  the  40-ohm  coils  until  it  reaches  the  steel  spring 
carried  by  the  front  brass  arm,  which  is  movable  over  these  coils 
and  studs.  Passing  along  this  arm,  which  is  metallic  throughout, 
it  will  enter  the  other  movable  arm  and  thence  pass  to  the 
400-ohm  coils.  Leaving  at  the  zero  stud  of  these  400-ohm  coils 
on  the  left-hand  side,  it  will  pass  by  a  thick  wire  direct  to  the  left- 
hand  terminal  and  so  to  the  other  part  of  the  circuit.  The  two 
arms  can  be  readily  moved  round  over  the  steel  studs  or  points, 
so  that  the  range  of  one  arm  is  from  o  to  400  ohms,  and  that  of 
the  other  from  o  to  4,000  ohms.  The  total  resistance  in  circuit 
with  the  arms  as  shown,  and  all  three  plugs  />/,  is  3,880  ohms. 
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The  total  range  of  the  instruments  is  from  lo,  by  multiples  of  lo, 
up  to  8,430  ohms.  Although  it  is  a  great  advantage  that  the 
resistance  can  be  very  readily  varied,  the  instrument  is  somewhat 
objectionable  for  delicate  measuring  purposes,  as  the  contact 
springs  are  apt  to  get  weak  and  the  contact  unreliable,  the  resist- 
ance then  becoming  variable. 

Another  method  of  casing  and  joining  up  resistance  coils  is 
shown  in  figs.  12  and  13.  a  (fig.  12)  is  a  circular  brass  plate; 
b^  Cj  d  are  brass  blocks.  A  tapered  hole  is  provided  between  each 
of  these  outer  blocks  and  the  plate  a  for  the  usual  conical  plug. 


Fir..  12. 


Fig.  13. 


T,  Tg  are  the  terminal  screws,  the  latter  of  which  is  permanently 
connected  to  the  brass  plate  a.  One  end  of  each  of  the  three 
coils  is  soldered  to  terminal  t,,  and  the  other  end  of  each  to  one 
or  other  of  the  outer  brass  blocks.  When  it  is  desired  to  insert  • 
in  the  circuit  one  of  the  resistance  coils,  the  plug  is  placed  in  the 
hole  which  is  between  the  block  connected  to  that  coil  and  the 
plate  A.  Thus  the  action  is  the  reverse  of  that  previously  de- 
scribed, for  here  we  insert  a  plug  to  insert  resistance,  removing 
it  to  cut  out  the  resistance.  Only  one  coil  can,  however,  be 
used  at  a  time;  and  if  the  plug  is  placed  between  terminals  t, 
and  T2  the  whole  box  is  short-circuited.  Fig.  13  shows  a  box  of 
coils  connected  according  to  this  method.  It  is  designed  for  use 
with  a  galvanometer  as  a  set  of  *  shunt  coils,'  having  respectively 
\y  Ts\,  and  Tfl^  of  the  resistance  of  the  galvanometer  with  which  it 
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is  intended  to  be  used.  (The  nature  and  applicability  of  shunt 
coils  will  be  dealt  with  in  Chapter  IV.) 

For  general  use  as  well  as  for  accurate  measurements,  the 
form  of  resistance-box  shown  in  figs.  9  and  10  should  be  used. 
But  where  a  means  of  rapidly  varying  the  resistance  is  necessary, 
the  form  shown  in  fig.  1 1  is  often  employed.  As  we  have  already 
remarked,  resistance  varies  considerably  with  temperature,  whence 
every  set  of  coils  should  have  marked  on  the  case  the  temperature 
at  which  they  were  measured.  Then  for  very  accurate  tests  they 
may  either  be  brought  to  that  temperature  or  a  correction  made 
in  the  reading,  but  in  any  case  it  is  known  whether  any  great  error 
is  likely  to  be  caused  by  using  them  at  any  particular  temperature. 
In  the  case  of  the  coils  shown  in  fig.  13,  copper  wire  is  employed 
because  the  galvanometer  coils  are  of  copper,  and  it  is  essential 
that  the  shunt  coils  should  vary  in  resistance  exactly  with  the 
galvanometer  coils,  in  order  that  the  ratio  between  the  two  may 
remain  constant. 

It  sometimes  happens,  however,  that  sets  of  resistance  coils  are 
required  merely  for  the  purpose  of  dissipating  a  certain  amount 
of  electrical  energy.  For  instance,  it  becomes  necessary,  when 
employing  some  dynamo-electric  machines,  to  reduce  the  electrical 
output  in  response  to  a  correspondingly  reduced  demand  made 
upon  it  by  the  external  circuit ;  and  this  can  be  done  by  joining 
extra  resistance  in  series  with  the  magnet  coils,  and  allowing  some 
of  the  power  to  be  expended  in  heating  this  extra  resistance.  In 
such  cases  it  is  not  necessary  to  know  exactly  the  value  of  the 
resistance  in  ohms,  but  it  must  be  divided  into  a  number  of 
small  and  approximately  uniform  sections,  so  that  its  value  can  be 
changed  gradually.  As  the  currents  employed  are,  in  such  cases, 
very  strong,  it  is  important  that  the  coils  should  be  able  to  with- 
stand a  considerable  rise  in  temperature  without  being  in  any  way 
injured.  The  wire  must  therefore  be  left  bare,  so  that  the  heat 
generated  can  be  dissipated  by  radiation  and  convection.  Were 
the  wire  to  be  covered  with  any  insulating  material,  the  dissipation 
by  both  these  processes  would  be  impeded,  and  there  would  be 
the  further  disadvantage  that  this  sheathing  would  sooner  or  later 
be  damaged,  if  not  destroyed.  The  wire  should  be  of  a  metal 
which  has  a  fairly  high  specific  resistance  and  fusing  point,  and 
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should  not  be  liable  to  deterioration  by  combining  with  atmo- 
spheric oxygen.  For  these  reasons,  German  silver  and  tinned  or 
galvanised  iron  are  usually  employed,  but  in  special  cases  platinoid 
is  resorted  to.  It  is  essential  to  select  for  the  supporting  frame  a 
material  which,  while  strong,  is  also  non-inflammable  and  a  good 

Fig.  14. 


insulator,  with  the  smallest  possible  power  of  condensing  atmo- 
spheric moisture  upon  its  surface.  In  fig.  14  is  shown  such  a  set 
of  resistances,  suitable  for  carrying  very  heavy  currents.  There 
are  two  cast-iron  end  frames,  which  are  hollow  and  have  slate 
slabs  fitted  into  them,  these  slabs  being  held  in  position  by  bolts 
which  pass  through  both  the  slate  and  iron  frame.  The  slabs, 
projecting  inwards  from  the  frames,  carry  a  series  of  brass  bolts 
and  nuts,  on  to  which   are  fixed  the  ends   of  spirals   of  bare 
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German-silver  wire.  Slate  is  an  effective  insulator  for  the  purpose, 
and  the  device  of  passing  the  connecting  bolts  right  through  it 
and  securing  them  with  nuts,  instead  of  trusting  to  a  screw-thread 
cut  in  the  material,  renders  it  mechanically  satisfactory.  The 
frame  is  completed  and  made  rigid  by  a  pair  of  iron  rods  which 
are  secured  to  the  cast-iron  ends.  The  whole  of  the  spirals  are 
joined  in  series,  the  terminals  for  connection  to  the  external 
circuit  being  fixed  on  to  the  slate  through  holes  in  the  bottom 
end-frame.  The  left  hand  terminal  is  joined  to  the  bottom  of 
the  left-hand  spiral,  while  the  right-hand  terminal  is  connected  to 
the  lever  of  a  switch  which  passes  over  nine  contact  pillars  rising 
from  the  slate  bed  through  an  opening  in  the  frame.  These 
pillars  are  connected  to  the  lower  junctions  of  the  spirals,  and  by 
altering  the  position  of  the  switch  the  spirals  can  be  cut  in  or  out 
of  circuit,  in  pairs,  as  desired.  A  set  of  resistances  similar  to 
that  illustrated  is  capable  of  dissipating  about  1,000  watts  without 
undue  heating. 

We  have  seen  that  whenever  a  current  of  electricity  flows,  a 
certain  amount  of  energy  is  expended ;  and  it  is  necessary  to  be 
able  to  measure  exactly  the  amount  of  energy  so  expended  in  any 
circuit  or  in  any  part  thereof.  The  quantity  of  work  performed  in 
raising  a  mass  of  one  pound  through  a  difference  of  level  of  one 
foot  against  the  force  of  gravity,  is  generally  taken  as  the  unit  of 
mechanical  energy  and  is  known  as  the  foot-pound.  The  work 
done  in  raising  any  mass  through  any  height,  is  found  by  simply 
multiplying  together  the  number  of  pounds  in  that  mass  by  the 
number  of  feet  through  which  it  is  lifted.  Somewhat  similarly  we 
can  take  as  the  practical  unit  of  electrical  energy,  the  amount 
expended  in  transferring  a  unit  quantity  of  electricity  (one 
coulomb)  under  a  difference  of  potential  of  one  volt.  And  by 
multiplying  the  number  of  coulombs  which  have  flowed  from  one 
point  to  another  by  the  difference  of  potential  in  volts  between 
those  points,  we  obtain  the  number  of  units  of  electrical  energy 
expended  during  the  passage  of  the  current.  The  unit  of  electrical 
energy,  or  one  coulomb  multiplied  by  one  volt,  is  called  ih^jou/e. 
Xs  a.  simple  numerical  example  we  may  suppose  a  current  of  10 
amperes  to  flow  for  5  seconds,  then  the  quantity  of  electricity  passing 
through  the  circuit  would  be  50  coulombs,  and  if  this  current 
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were  maintained  by  a  potential  difference  of  8  volts,  the  amount 
of  energy  expended  in  that  time  would  be  8  x  50  =  400  joules. 

As  a  rule,  we  wish  to  know  the  rate  at  which  work  is  being 
done  in  any  circuit,  rather  than  the  amount  which  is  done  in  a 
given  time.  It  is  evident  that  this  rate  can  always  be  found  by 
dividing  the  amount  of  work  by  the  number  of  seconds  taken  for 
its  performance,  but  the  same  result  can  be  arrived  at  by  multiply- 
ing together  the  potential  difference  and  the  rate  of  transference  or 
flow  of  electricity,  instead  of  the  quantity  actually  transferred  in  a 
given  time.  Now  the  rate  of  flow  of  electricity  is  what  we  know 
as  the  current  strength,  which  is  measured  in  amperes.  There- 
fore, if  the  difference  of  potential  in  volts  between  any  two  points 
is  multiplied  by  the  resulting  current  in  amperes,  the  product  gives 
the  rate  at  which  energy  is  being  expended,  or  the  rate  of  working 
between  those  two  points.  The  unit  rate  of  working  or  the  unit 
oi power  is  called  the  ww//— that  is  to  say,  i  ampere  x  i  volt  s= 
I  watt.  Therefore,  if  a  difference  of  potential  of  20  volts  between 
the  ends  of  a  wire  maintains  a  current  of  3  amperes,  the  rate 
of  working  is  3  x  20  =  60  watts. 

It  is  desirable  that  the  relation  between  mechanical  and  elec- 
trical rates  of  working  should  be  understood.  The  mechanical 
unit  is  termed  the  *  horse-power,*  and  is  equal  to  that  rate  of 
working  which,  if  continued  for  one  minute,  would  expend  33,000 
foot-pounds  of  energy,  or  raise  33,000  pounds  one  foot  in  height. 
One  horse-power  is  equal  to  746  watts,  so  that,  having  calcu- 
lated the  number  of  watts  absorbed  in  any  particular  case,  on 
dividing  this  number  by  746  we  get  the  rate  of  working,  or  rate  of 
expenditure  of  energy,  expressed  in  horsepower.  This  power  of 
746  watts  is,  therefore,  frequently  referred  to  as  the  electrical 
horse- power,  but  since  the  general  introduction  of  electric 
lighting  another  unit  of  electrical  power  has  been  adopted.  It  is 
equal  to  1,000  watts,  or  the  power  expended  by  1,000  amperes  at 
a  potential  difference  of  i  volt.  A  convenient  name  for  this 
unit  is  the  kilotvatt,  but  in  i)ractice  it  is  frequently  contracted  into 
*unit.*  Thus  a  dynamo  electric  machine  capable  of  developing, 
say,  300  amperes  at  a  potential  difference  of  200  volts,  or 
300  X  200  =  60,000  watts,  is  generally  referred  to  as  a  60  unit, 
instead  of  a  60  kilowatt,  machine. 
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Another  very  useful  practical  unit  is  that  generally  known  as 
the  Board  of  Trade  unit,  or  the  kilowatt-hour.  It  is,  therefore, 
a  unit  of  energy,  and  is  equal  to  1,000-ampere- volt-hours.  Thus 
if  a  current  of  5  amperes  at  a  potential  difference  of  100  volts 
be  maintained  for  two  hours,  one  kilowatt-hour  will  have  been 
expended.  The  amount  of  energy  expended  can  therefore  be 
easily  calculated  in  Board  of  Trade  units  by  multiplying  together 
the  current  in  amperes  (c),  the  electro-motive  force  in  volts  (e),  and 
the  time  in  hours  (t),  and  dividing  the  product  by  1,000.     Thus 

c  X  E  XT^g  ofT.  units. 

1000 

The  units  described  in  this  chapter  are  those  which  are,  and 
which  will  continue  to  be,  employed  in  practice  by  the  electric- 
lighting  engineer.  No  effort  should  therefore  be  spared  to  master 
the  simple  relation  existing  between  the  ampere,  volt,  ohm,  horse- 
power, kilowatt,  &c. 

But  it  is  advisable  to  know  the  method  by  which  the  various 
electrical  units  have  been  evolved,  for  they  have  not  been  selected 
arbitrarily,  like  the  pound,  yard,  and  gallon,  but  are  built  up  on 
the  fundamental  conceptions  of  length,  time,  and  quantity  of 
matter,  and  are  inseparably  linked  together.  Perhaps  the  simplest 
measurable  quantity  which  we  can  conceive  is  that  of  length, 
and  in  deciding  upon  a  unit  of  length  an  effort  was  made  to 
select  some  unalterable  natural  distance.  The  length  of  an  earth 
quadrant—  that  is,  the  distance  from  the  equator  to  the  pole 
along  a  meridian —was  agreed  upon,  and  one  ten-millionth  part  of 
this  taken  as  the  practical  standard  of  length,  and  called  a  metre. 
The  origin  al  measurement  of  the  earth  quadrant  proved  to  be  con  • 
siderably  in  error,  and  consequently  the  simple  relation  between 
it  and  the  metre  was  upset.  But  the  metre  thus  determined  is 
retained  as  the  standard  of  length,  and  one  hundredth  part  of  this 
length,  called  one  centimetre,  is  taken  as  the  basis  of  the  units 
upon  which  the  system  now  to  be  briefly  described  has  been 
reared.  A  square  centimetre  is  the  area  contained  in  a  square 
each  of  whose  sides  is  one  centimetre,  and  a  cubic  centimetre  is 
the  volume  contained  in  a  cube  each  of  whose  edges  is  one  centi- 
metre in  length. 

The  next  unit  required  is  that  of  mass,  or  quantity  of  matter, 
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and  it  should  be  remembereci  that  the  force  of  gravity  acts  upon 
every  body  in  exact  proportion  to  its  niass,  or  the  quantity  of 
matter  in  it,  independently  of  its  size  ;  therefore,  what  we  know 
as  the  weight  of  any  substance  is  exactly  proportional  to  its  mass. 
The  unit  of  mass  is  called  the  gramme.  It  is  equal  to  the  mass 
contained  in  a  cubic  centimetre  of  pure  water  at  its  maximum 
density,  i.e.  at  a  temperature  of  4°  Centigrade. 

The  third  unit,  that  of  time,  is  called  the  second.  It  is  the 
length  of  time  known  in  England  by  that  name,  and  is  the  86,400th 
part  of  a  mean  solar  day. 

The  great  value  of  a  system  built  upon  such  units  as  those 
described  is  that  it  is  always  possible  to  recover  any  one  of  them, 
and  so  reconstruct  or  verify  the  system  if  necessary,  although  the 
process  is  no  doubt  difficult  and  tedious.  The  term  *  absolute  * 
has  been  applied  to  such  a  system,  but  it  is  not  easy  to  see  the 
precise  application  of  the  word  here.  It  is  usual,  and  certainly 
far  better,  to  refer  to  it  as  the  centimetre-gramme-second,  or 
briefly  the  c.G.s.,  system. 

The  next  conception  in  order  of  simplicity  is  that  of  the  rate 
at  which  a  mass  of  matter  changes  its  relative  position,  or  the 
velocity  with  which  it  moves.  Velocity  is  estimated  by  dividing 
the  distance  in  centimetres  through  which  a  body  moves  by 
the  time  in  seconds  taken  to  travel  that  distance.  The  unit  is 
a  velocity  of  one  centimetre  per  second. 

A  mass  of  matter  cannot,  by  any  property  belonging  to  it, 
change  its  position  or  its  state  of  rest  or  motion,  by  itself.  That 
which  is  competent  to  move,  stop,  or  vary  the  motion  of  a  mass 
of  matter  is  called  force,  and  the  greater  the  force,  and  the  longer 
the  time  during  which  it  acts,  the  greater  will  be  the  increase  or 
decrease  in  the  velocity  of  a  given  mass.  The  unit  of  force  is 
called  the  dyne  :  one  dyne  is  that  force  which,  by  acting  upon  a 
mass  of  one  gramme  during  one  second,  can  impart  to  it  a  velocity 
of  one  centimetre  per  second. 

When  the  position  of  a  body  is  changed  in  opposition  to  any 
resisting  force,  work  is  done  or  energy  expended,  the  amount  being 
estimated  by  multiplying  together  the  force  overcome  and  the 
distance  through  which  it  is  overcome.  The  unit  of  work  is  called 
the  erg^  and  it  is  that  work  done  when  a  force  of  one  dyne  is 
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overcome  through  a  distance  of  one  centimetre  ;  the  energy  ex- 
pended is  in  every  case  equal  to  the  work  done,  therefore  the  erg 
is  also  the  unit  of  energy.  We  have  seen  that  the  practical  unit  of 
work,  or  expenditure  of  energy,  is  the  joule ;  and  one  joule  is 
equal  to  ten  million  ergs.  Consequently,  the  practical  unit  of 
power,  or  rate  of  doing  work,  called  the  watt,  is  equivalent  to  ten 
million  ergs  per  second. 

Current  strength  is  measured  by  the  quantity  of  electricity 
which  flows  past  any  point  in  a  circuit  per  second.  The  cg.s. 
unit  is  that  current  strength  which,  when  one  centimetre  of  its 
path— that  is  to  say,  one  centimetre  of  the  conductor  carrying  the 
current — is  curved  into  an  arc  of  one  centimetre  radius,  exerts  a 
force  of  one  dyne  upon  a  unit  magnet  pole  placed  at  its  centre. 
The  conditions  of  this  unit  will,  however,  be  better  understood 
after  studying  Chapter  IV.  The  practical  unit  which  is  called 
the  *  ampere '  is  equal  to  one-tenth  of  this  cg.s.  unit 

The  CG.S.  unit  quantity  of  electricity  is  that  quantity  conveyed 
by  unit  current  in  unit  time.  The  practical  unit,  the  coulomb,  is 
therefore  also  one-tenth  of  the  cg.s.  unit. 

The  unit  difference  of  potential  between  two  points  exists 
when  one  erg  of  work  has  to  be  performed  in  urging  one  unit  of 
electricity  against  that  potential  difference,  or  when  one  erg  is 
expended  by  the  flow  of  one  unit  of  electricity  from  one  point  to 
the  other.  The  volt  or  practical  unit  is  100,000,000  times  the 
absolute  unit. 

Unit  resistance  exists  when  unit  difference  of  potential  causes 
a  current  of  unit  strength  to  flow  through  it.  It  follows,  therefore, 
that  the  ohm  is  equal  to  1,000,000,000  absolute  units. 

The  units  which  chiefly  claim  our  attention  are  those  of  current, 
quantity,  potential  difference,  and  resistance.  It  is  not  possible 
to  proWde  an  invariable  physical  standard  of  either  of  these  except 
resistance,  which  fact  to  a  certain  extent  increases  the  importance 
attached  to  the  unit  of  resistance.  As  has  been  pointed  out,  a 
reliable  physical  standard,  in  the  form  of  a  column  of  mercury  of 
certain  dimensions,  has  been  selected  to  represent  the  ohm. 
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PRIMARY    BATIERIES 

A  CURRENT  of  electricity  can  be  maintained  in  a  number  of  ways. 
One  of  these  is  by  means  of  primary  cells.  A  primary  cell  con- 
sists of  a  vessel  containing  a  saline  or  acidulated  solution,  in  which 
are  immersed  two  solid  conducting  bodies,  one  of  which  is  more 
assailable  than  the  other  by  the  liquid.  When  two  or  more  cells 
are  joined  together  to  increase  the  effect,  the  combination  is  known 
as  a  battery. 

Primary  cells  can  be  divided  into  two  classes,  viz.  {a)  single- 
fluid,  or  those  in  which  only  one  solution  is  used,  and  (b)  double- 
fluid,  or  those  in  which  two  solutions 
are  employed. 

The  single-fluid  cells  are  typified 
by  the  *  simple  cell,'  which  was  referred 
to  on  page  2,  and  which  consists  of 
a  glass  or  earthenware  vessel  (fig.  15) 
nearly  filled  with  water  acidulated  with 
a  small  proportion  of,  say,  sulphuric 
acid,  and  containing  a  piece  of  zinc,  a, 
and  a  piece  of  copper,  b.  On  connect- 
ing the  plates  by  a  piece  of  wire,  d  c, 
and  thereby  allowing  the  current  to  flow,  the  surface  of  the  zinc 
is  attacked  and  sulphate  of  zinc  is  formed,  hydrogen  gas  being 
liberated  at  the  surface  of  the  plate  b. 

This  reaction  may  be  represented  by  an  equation,  thus  : — 

Zn    +     SO4H2    =    S04Zn    +    H, 

Zinc.  Sulphuric  acid.     Sulphate  of  zinc.    Hydrogen. 

No  chemical  effect  whatever  is  produced  on  the  surface  of  the 
plate  B,  and  it  may  here  be  noticed  that  the  plate  which  is  more 
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or  less  dissolved  is  called  the  positive  plate,  the  other  being  called 
the  negative  plate.  Chemical  action  may  be  supposed  to  take 
place  throughout  the  entire  length  of  the  liquid  or  the  distance 
between  the  plates,  but  it  is  not  manifest  except  at  the  surfaces  of 
the  plates,  and  it  is  usually  considered  to  commence  at  the  posi- 
tive plate — that  is  to  say,  the  acid  particles,  or,  more  correctly 
sj)eaking,  molecules,  in  contact  with  the  zinc  plate  may  be  assumed 
to  be  the  first  decomposed,  the  hydrogen  thus  liberated  attacking 
the  next  succeeding  acid  molecules  in  a  similar  manner.  Hydrogen 
is  again  liberated,  which  again  in  its  turn  decomposes  the  adjacent 
acid  molecules.  A  series  of  decompositions  and  recompositions 
is  thus  propagated  throughout  the  entire  liquid  by  a  process  of 
repetition,  molecule  for  molecule,  resulting  finally  in  the  deposition 
of  the  free  hydrogen  on  the  copper  or  negative  plate.  As  the 
hydrogen  thus  deposited  does  not  enter  directly  into  chemical 
union  with  any  of  the  simple  metals,  it  remains  in  the  gaseous 
state.  The  resultant  changes  present  the  appearance  of  the  acid 
alone  being  affected,  while  the  water  remains  constant  and  un- 
changed.    The   action   may  be  expressed  in  chemical  formulae, 

thus  : — 

Before  action 

l^O\YL^  S0;,H2  SO4H2  SO4H2  SO4H,  I 

Zinc  or  +  Copper  or  — 

In  action 
I  so;  M2SO;  "HjSO;  HaSO;  H2SO4  H7| 

Zinc  or  +  Copper  or  — 

The  hydrogen  is  here  released  in  a  definite  ratio  to  the  amount 
of  zinc  dissolved.  In  fact,  we  may  take  it  as  an  established  law 
that  the  ratio  between  the  weight  of  zinc  dissolved  and  that  of 
the  hydrogen,  &c.,  released  by  the  passage  of  the  current,  is 
invariable,  and  that  this  ratio  is  dependent  upon  the  respective 
*  electro-chemical  equivalents.' 

We  see  by  the  above  equation  that  for  every  atom  or  equiva- 
lent of  zinc  dissolved  or  converted  into  sulphate  of  zinc,  two 
atoms  of  hydrogen  are  liberated.  An  atom  may  be  defined  as  the 
smallest  possible  quantity  of  any  substance  capable  of  entering 
into  or  passing  out  of  combination  ;  and  it  will  l)e  seen,  on 
referring  to  the  accompanying  table  of  atomic  weights,  or  of  the 
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relative  weights  of  individual  atoms  of  some  of  the  more  important 
substances,  that  an  atom  of  hydrogen  weighs  less  than  one  of  any 
other  substance  : — 

Table  of  Atomic  Weights  and  Equivalents 


Symbol 

Elements 

ami 

Valency 

Electro-Positive 

Hydrogen    . 

H» 

Potassium    . 

K« 

Sodium 

Na> 

Aluminium  . 

Al> 

Magnesium  . 

Mg» 

Gold    . 

AuS 

Silver   . 

Ag» 

Copper  (Cupric) 

CV 

,,      (Cuprous) 

Cu» 

Mercury  (Mercuric) 

Hg« 

,,        (Mercurous)   . 

Hgi 

Tin  (Stannic) 

Sn* 

,,  (Stannous) 

Sn« 

Iron  (Ferric) 

'       FeS 

,,    (Ferrous) 

!      Fe» 

Nickel 

1      Ni» 

Zinc      .... 

Zn=» 

Lead    .         .         .         . 

Pb' 

1    Electro-Negative 

Oxygen 

o» 

Chlorine 

cu 

Iodine 

n 

'  Bromine 

Br» 

'  Nitrogen 

N5 

Electro-chemical 

Atomic 

Chemical 

Eauivalent 
(Milligrammes 

Weight 

Equivalent 

per  Coulomb) 

!• 

1* 

•010384 

39 '04 

3904 

•40539 

22-99 

2299 

•23873 

•27-3 

91 

■09449 

23-94 

11-97 

■12430 

196*2 

654 

•6791 1 

107-66 

107-66 

I  11800 

63- 

315 

•32709 

63- 

63- 

•654^9 

199-8 

999 

103740 

199-8 

199-8 

207470 

117-8 

2945 

•30581 

1 17-8 

58-9 

•61162 

55*9 

18-64 

•19356 

55  9 

2795 

•29035 

586 

29-3 

•30425 

65- 

325 

•33696 

206-4 

103-2 

1  07160 

15-96 

7-98 

•08286 

35-37 

35 '37 

•36728 

126-53 

126-53 

1-31390 

7975 

7975 

-82812 

14*01 

4-67 

■04849 

It  is  in  consequence  of  this  fact  that  hydrogen  is  taken  as  the 
standard  in  calculating  the  atomic  weights  of  the  various  simple 
or  elementary  bodies.  It  will  also  be  observed  that  an  atom  of 
zinc  weighs  sixty-five  times  as  much  as  an  atom  of  hydrogen. 
The  meaning  of  the  equation,  therefore,  is  that  for  every  sixty-five 
parts  by  weight  of  zinc  dissolved,  two  parts  by  weight  of  hydrogen 
are  liberated  ;  consequently,  if  we  again  regard  the  relative  depo- 
sition of  hydrogen  as  the  standard,  the  weight  of  zinc  dissolved  will 
be  32*5  times  as  much,  or,  in  other  words,  the  electro-chemical 
equivalent  of  hydrogen  being  unity,  that  of  zinc  is  32*5.  The 
equivalents  of  the  other  elementary  bodies  enumerated  in  the 
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table  have  been  calculated  in  a  similar  way.  The  *  electro-chemical 
equivalents '  are  obtained  by  multiplying  together  the  weight  of 
the  hydrogen  liberated  by  one  coulomb  and  the  chemical  equiva- 
lent of  each  of  the  other  elementary  bodies. 

The  liberated  hydrogen,  in  consequence  of  its  low  specific 
gravity,  exhibits  a  tendency  to  rise  through  the  water  and  escape 
into  the  air.  Only  a  portion,  however,  of  the  gas  escapes  in 
this  way,  a  large  proportion  adhering  to  the  copper  plate  and 
forming,  as  it  were,  a  gaseous  film  over  the  metallic  surface. 
This  accumulation,  due  to  a  variety  of  causes,  is  facilitated  by  the 
opposite  electrical  conditions  of  the  copper  and  hydrogen  which 
cause  a  mutual  attraction  to  set  in.  There  is  a  double  effect  of 
the  accumulation  which  soon  becomes  apparent,  for  a  gradual 
diminution  in  the  current  sets  in,  consequent  first  on  the  decrease 
in  the  copper  surface  exposed  to  the  liquid  (which  involves  a 
proportional  increase  in  the  internal  resistance  of  the  cell),  and, 
secondly,  on  the  tendency  on  the  part  of  the  positively  electrified 
hydrogen  film  to  set  up  a  contrary  current.  Free  hydrogen  is,  in 
fact,  more  oxidisable  and  therefore  more  positive  than  the  zinc 
itself.  When  this  condition  is  arrived  at,  the  cell  is  said  to  be 
polarised — that  is  to  say,  the  two  surfaces,  zinc  and  hydrogen,  are 
brought  to  nearly  the  same  potential,  and  as  a  consequence  the 
current  strength  is  correspondingly  reduced.  The  effect  of  the 
passage  of  a  current  being,  therefore,  a  reduction  of  the  effective 
electro-motive  force  of  the  cell,  such  a  combination  is  manifestly 
useless  for  purposes  requiring  a  continuous  and  uniform  current — 
that  is  to  say,  a  current  of  *  constant '  strength. 

To  overcome  this  really  strong  objection  Smee  constructed  a 
cell,  the  peculiarity  of  which  consisted  in  the  nature  of  the  surface 
of  the  negative  plate.  It  had  been  ascertained  that  a  smooth 
surface  engenders  a  much  more  rapid  accumulation  of  hydrogen 
than  does  a  roughened  surface.  Accordingly,  he  used  for  his 
negative  plate  a  thin  sheet  of  silver  covered  with  platinum  in  a 
state  of  very  fine  division,  so  that  an  irregular  surface  was  produced. 
So  treated  the  plate  is  known  as  platinised  silver.  There  are  two 
zinc  plates  connected  to  the  same  terminal,  but  placed  one  on 
each  side  of  the  silver,  the  solution  being  i  of  acid  to  10  of 
water.    This  cell,  which  is  still  largely  used,  is  considerably  more 
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lasting  than  the  simple  cell ;  the  unevenness  of  the  negative  sur- 
face facilitates  the  ascension  of  the  hydrogen  particles  more  nearly 
in  proportion  to  the  rate  of  production.  It  has  also  a  higher 
electro-motive  force  because  of  the  substitution  for  copper  of  a 
more  electro-negative  plate.  This  form  of  battery  is  useful  where 
currents  are  required  for  brief  periods,  but  it  is  far  from  being  a 
constant  cell,  that  is,  one  which  yields  a  continuous  and  uniform 
current.  When,  however,  the  cell  is  made  of  abnormally  large 
proportions,  it  approximates  more  nearly  to  the  condition  of  a 
constant  cell,  and  is  used  as  such  by  many  electro  -platers. 

The  Smee  cell  is  capable  of  being  manufactured  in  a  very 
compact  form.  The  silver  foil  is  fixed  in  a  frame  made  by  fasten- 
ing together  four  pieces  of  wood  about  half  an  inch  square  in 
section,  the  upper  edge  of  the  foil  being  connected  to  a  brass 
terminal  on  the  top  of  the  frame.  The  plates  of  zinc,  a  trifle 
larger  than  the  foil,  are  placed  against  the  two  sides  of  the  frame 
and  the  whole  are  then  clamped  together  by  a  strong  brass  terminal 
or  clamp  which  is  placed  in  contact  with  the  zincs.  The  ad- 
vantJige  gained  by  this  fomi  of  construction  is  that  the  internal 
resistance  of  the  cell  is  very  low  ;  first,  because  the  two  zinc  plates 
are  opposite  to  the  two  sides  of  the  foil,  and,  secondly,  because 
the  distance  between  the  foil  and  the  zincs  is  very  small.  The 
wooden  frame  is  necessary,  to  support  the  thin  silver  foil  and  to 
prevent  it  touching  either  of  the  zinc  plates. 

A  simple  and  useful  modification  of  the  Smee  cell  consists  of  a 
plate  of  zinc  and  a  plate  of  platinised  carbon,  the  upper  portion 
of  the  latter  being  rendered  non-porous  by  immersion  in  hot 
paraffin  wax.  The  solution  is  one  of  dilute  sulphuric  acid,  the 
acid  being,  however,  very  pure.  The  hydrogen  bubbles  can  be 
seen  rising  freely  through  the  solution,  instead  of  adhering  to  the 
uneven  surface  of  the  negative  plate.  The  resistance  of  the  cell 
is  very  low,  and  its  electro-motive  force,  after  a  few  minutes, 
remains  steady  at  about  half  a  volt. 

A  far  more  important  cell  is  the  I^eclanche  (fig.  16),  in  which 
a  zinc  rod,  z,  is  used  as  the  positive  plate,  while  the  negative  plate 
c  takes  the  form  of  a  rod  or  slab  of  gas  carbon,  or  of  prepared 
carbon.  I'he  gas  carbon  is  one  of  the  by-products  in  the  manu- 
facture of  gas,  and  is  formed  by  the  condensation  of  a  portion  of 
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the  carbon  in  the  cooler  portions  of  the  retort.  The  prepared 
carbon  is  made  by  subjecting  to  considerable  pressure,  at  a  high 
temperature,  a  mixture  of  powdered  f,g.  16. 

carbon  and  some  treacly  substance  V 
which  is  employed  for  cementing 
the  carbon  particles.  The  carbon 
plate  is  placed  inside  a  vessel  of 
porous  (unglazed)  earthenware, 
which  is  then  filled  with  a  mixture 
of  crushed,  but  not  powdered,  car- 
bon and  black  oxide  of  manganese. 
The  latter  should  be  granular,  of 
about  the  size  of  peas,  care  being 
taken  to  exclude  powder  or  dust. 
The  outer  vessel,  g,  is  generally  of 
glass,  which  enables  the  condition 
of  the  cell  to  be  observed  without 
removing  any  of  the  parts.  The 
liquid  consists  of  a  saturated  solu- 
tion of  sal-ammoniac,  or  chloride 
of    ammonium,    the    porosity    of 

the  inner  jar  allowing  the  solution  to  diffuse  itself  somewhat 
freely,  and  so  to  moisten  the  mixture  of  carbon  and  black 
oxide. 

The  zinc  combines  with  the  chlorine  of  the  sal-ammoniac, 
forming  zinc  chloride,  simultaneously  releasing  hydrogen  and 
ammonia,  which  latter  dissolves  in  the  water  until  a  saturated 
solution  is  obtained— that  is  to  say,  until  the  solution  holds  as 
much  as  it  can  support — after  which  it  escapes  as  a  gas  readily 
recognised  by  its  characteristic  odour.  It  may,  however,  be 
remarked  that  water  is  not  saturated  with  ammonia  until  it  has 
absorbed  727  times  its  volume  of  the  gas  at  a  temperature  of 
15-5°  C.  or  60°  F.  The  hydrogen,  so  far,  remains  free,  as  shown 
by  the  equation  : — 

Zn    +    2NH4CI  =  ZnCla   +   2NH3   +   Hj 

Zinc  Sal-ammoniac.      Zinc  chloride.      Ammonia.       Hydrogen. 

It  is,  however,  ultimately  released  inside  the  inner  vessel,  and 
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there  it  deprives  the  manganic  oxide  of  some  of  its  oxygen,  forming 
water  and  sesqui -oxide  of  manganese,  thus  : — 


H, 

+ 

2MnOa 

= 

OH2 

+  Mn^Oa 

Hydrogen. 

Manganic 

Waier. 

Sesqui-oxide  of 

oxide. 

nianganciH:. 

The  entire  action  may  be  represented  by  a  single  equation, 
thus  : — 

Zn  +  3NH4Cl  +  2Mn02=ZnCl2  +  2NH3  +  OH24-Mn203. 

The  action  so  represented  is,  of  course,  similar  to  that  of  the 
simple  cell,  in  so  far  as  concerns  the  propagation  of  the  series  of 
decompositions  and  recompositions.  There  is,  however,  a  subse- 
quent or  secondary  reaction  between  the  zinc  chloride  and  the 
other  constituents  of  the  solution,  resulting  in  the  formation  of 
what  are  called  double  salts,  which  tend  to  impede  the  efficient 
working  of  the  cell. 

One  great  advantage  this  battery  has  over  most,  if  not  all  other 
forms,  is  that  it  does  not  in  any  way  deteriorate  by  inactivity, 
unless  the  evaporation  of  the  water  can  be  regarded  in  this  light, 
but  even  that  may  be  prevented.  It  is  no  unusual  experience  for 
Leclanch^  cells  to  remain  in  work  for  upwards  of  a  year  without 
the  necessity  for  any  attention  whatever,  and  even  then  it  is 
probable  that  a  little  water  is  all  that  is  required.  It  will  be  seen, 
from  a  study  of  the  equations  given  above,  that  the  working  of 
the  battery  results  in  the  gradual  absorption  of  the  zinc,  and  the 
decomposition  of  the  sal-ammoniac,  &c.,  which  accordingly  require 
replenishing  at  times.  A  whitish-yellow  turbidity  in  the  solution 
indicates  the  presence  of  an  excessive  amount  of  zinc  chloride  in 
proportion  to  the  amount  of  sal-ammoniac,  which  latter  should 
then  be  increased,  although  it  would  be  as  well  to  remove  a  por- 
tion of  the  solution  and  then  fill  up  with  water  before  adding  the 
sal-ammoniac. 

Considerable  care  is  taken  in  the  construction  of  this  cell.  As 
both  sal-ammoniac  and  ammonia  are  corrosive  and  attack  copper, 
brass,  &c.,  all  the  exposed  metallic  surfaces  should  be  well  served 
with  gutta-percha,  pitch,  paraffin  wax,  or  some  other  non-corrodible 
and  impervious  material. 

Where  the  batteries  are  made  in  very  large  quantities,  it  is  the 
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practice  to  drill  two  small  holes  through  the  uppei  extremities  of 
the  carbons,  and,  after  raising  these  ends  to  a  high  temperature, 
to  dip  them  into  melted  paraffin  wax.  They  are  subsequently 
placed  into  a  mould  containing  molten  lead,  a  terminal  or  binding- 
screw  being  cast  into  this  leaden  cap  at  the  same  time.  The 
function  of  the  wax  is  to  close  the  pores  in  the  upper  portion  of 
the  carbon,  and  so  to  prevent  the  ammoniacal  solution  from 
creeping  up  to  the  terminal  or  leaden  cap.  Lead  is  interposed 
between  the  waxed  carbon  and  the  brass  terminal  because  it  is  the 
least  assailable  of  the  ordinary  metals.  Pitch  is  run  over  the 
carbon-manganese  mixture  to  keep  the  mixture  and  the  carbon 
rod  in  position,  holes  being  made  in  it,  however,  to  permit  any 
hydrogen  or  other  gases  that  may  be  formed  to  escape,  or  any  air 
that  might  l)e  in  the  pot  to  be  expelled  when  it  is  placed  in  the 
solution.  The  upper  parts  of  the  porous  pot,  and  the  zinc  rod 
and  the  connections,  are  likewise  coated  with  pitch.  Sometimes 
an  india-rubber  cover  is  made  to  fit  over  the  top  of  the  battery, 
so  as  to  hold  the  porous  pot  and  the  zinc  permanently  in  position, 
and  to  prevent  the  evaporation  of  the  water. 

The  electro-motive  force  of  this  battery  is  nearly  twice  that  of 
the  simple  cell,  while,  owing  to  the  large  surface  exposed,  more 
particularly  at  the  negative  plate,  the  internal  resistance  is  also  low. 
The  chief  objection  to  this  battery  is  the  great  rapidity  with 
which  it  polarises  and  so  becomes  temporarily  useless,  owing 
probably  to  the  fact  that  hydrogen  is  liberated  faster  than  the 
manganic  oxide  can  be  decomposed.  Consequently,  a  more  or 
less  perfect  film  of  hydrogen  is  deposited  over  the  surface  of  the 
carbon.  That  this  is  the  case  is  in  a  measure  demonstrated 
by  the  fact  that  if  the  cell  is  allowed  to  stand  idle  for  a  brief 
interval  of  time  it  will  again  yield  its  full  current.  This  inter- 
mittent action  obviously  limits  very  materially  the  cell's  sphere  of 
usefulness.  The  defect,  although  very  marked  when  the  resistance 
of  the  circuit  is  very  low,  is  reduced  to  a  minimum  when  the 
resistance  is  high,  because  the  current  is  then  feeble  and  the 
chemical  reactions  proportionately  less.  The  fact  that  the  con- 
stituents of  the  cell  remain  inactive  when  the  cell  is  idle,  is  a  point 
of  very  considerable  importance,  and  is  a  very  useful  feature,  for 
it  means  that  there  is  no  wasteful  action  in  the  battery,  such  as 
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we  shall  find  there  is  in  practically  every  other  type  of  battery — at 
least,  in  every  battery  in  which  an  acid  plays  a  part.  Cleanliness 
is,  however,  absolutely  necessary  in  dealing  with  the  Leclanche, 
or,  indeed,  with  any  other  form  of  battery,  and  it  is  essential  that 
the  containing  vessel,  whether  of  glass  or  earthenware,  should  be 
kept  dry  externally.  The  latter  desideratum  is  usually  accomplished 
by  coating  the  upper  portion  of  the  outer  surface  of  the  vessel 
with  pitch  or  some  other  such  substance  as  will  not  permit  the 
liquid  to  *  creep'  over  its  surface,  for  the  salt  (sal-ammoniac)  has 
a  strong  tendency  to  crystallise  out.  Should  the  solution  be 
allowed  to  creep,  we  have  to  contend  not  only  with  the  waste  of 
salt  so  occasioned,  but  also  with  the  *  leakage '  of  electricity  that 
would  take  place  over  the  moistened  external  surface. 

There  is  a  modification  of  the  Leclanche  which  is  of  some 
importance  and  which  is  known  as  the  *  agglomerate '  Leclanche. 
The  negative. element  consists  of  a  carbon  plate  or  block,  having 
in  contact  with  it  blocks  of  agglomerated  carbon  and  manganese. 
The  latter  are  prepared  by  intimately  mixing  40  parts  of  manganic 
oxide,  55  parts  of  gas  carbon,  and  5  parts  of  gum  lac  resin,  and 
submitting  the  mixture,  placed  in  a  steel  mould,  to  a  tempera- 
ture of  100°  C,  applying  at  the  same  time  considerable  hydraulic 
pressure.  The  result  is  a  solid  compact  mass,  and,  as  the  chiei 
function  of  the  porous  pot  in  the  older  type  is  to  support  the 
mixture  of  crushed  carbon  and  manganic  oxide,  it  is  apparent 
that  that  vessel,  which  materially  increases  the  internal  resistance 
of  the  cell,  can  be  dispensed  with.  India-rubber  bands  placed 
round  the  agglomerated  blocks  (which  in  their  turn  embrace  the 
carbon  block),  keep  the  whole  of  the  compound  negative  element 
together.  In  the  earlier  forms  of  agglomerate  cell,  rectangular 
blocks  of  agglomerated  manganic  oxide  and  carbon  were  held 
against  the  two  faces  of  a  flat  plate  or  block  of  carbon,  and  the 
india-rubber  bands  holding  the  three  blocks  together  were  specially 
made  so  as  to  hold  also  the  zinc  rod,  which  was  of  the  usual  type. 

But  a  much  better  form  is  that  known  as  the  6-block 
agglomerate  (fig.  17),  which  is  very  extensively  used.  The  nega- 
tive element  consists  of  a  block  of  carbon  with  six  fluted  sides, 
which  is  capped  with  lead  and  fitted  with  a  terminal  after  the  top 
of  it  has  been  steeped  in  hot  paraffin  wax.     In  each  of  the  sides 
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is  laid  a  round  stick  of  the  agglomerated  carbon  and  manganic 
oxide,  the  whole  being  wrapped  round  with  a  piece  of  coarse 
canvas,  and  held  in  position  by 

...  ,  ,  Fig.  17. 

a   couple   of   stout   mdia-rubber 
bands.     The  canvas  does  not,  of 
course,  prevent  intimate  contact 
l)etween  the  rods  and  the  solution, 
nor  does  it  appreciably  increase 
the  internal  resistance  of  the  cell, 
its  function  being  simply  to  pre- 
vent  pieces  of  the   agglomerate 
rods  falling  out,  and   *  short-cir- 
cuiting' the  cell,  by  joining  the 
positive  and    negative    elements 
together.    Instead  of  employing  a 
zinc  rod  for  the  positive  element, 
a  large  piece  of  sheet  zinc  (about 
i  inch    thick)   is   rolled   into    a 
cylinder,  the  approaching  edges 
being,  however,  kept  a  quarter  of 
an  inch  or  so  apart  to  allow  of 
the  free  circulation  of  the  solu- 
tion.    In  consequence  of  the  very  large  increase  in  the  amount 
of  the  surfaces  thus  exposed  to  the  liquid,  the  internal  resistance 
is  very  considerably  reduced,  polarisation  being  also  to  a  great 
extent  prevented  or  at   least   impeded.     The  current  produced 
is  therefore  much  more  uniform  than   that  from   the  old   type 
l^eclanchd 

The  electro  motive  force  of  any  one  of  the  many  forms  of 
I^eclanch^  cell  may  be  taken  as  being  approximately  1*5  volt, 
while  the  internal  resistance  may  range  from  -25"  to  3"  or  4",  ac- 
cording to  the  size  of  the  elements  and  the  construction  of  the  cell. 

The  *  Standard'  cell  (fig.  18),  invented  by  Mr.  I^timer  Clark, 
is  an  important  one.  It  is  designed  solely  as  a  standard  of 
electro- motive  force,  and  is  largely  employed  for  purposes  of 
measurement.  It  may  be  made  in  a  small  glass  vessel,  such  as  a 
short  wide  test-tube,  a  layer  of  pure  distilled  mercury,  m,  being 
employed  as  the  negative  plate,  which  covers  the  bottom  of  the 
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glass  vessel  to  a  depth  of  half  an  inch  or  so.     Over  this  is  placed 
the  *  liquid '  or  electrolyte,  which  consists  of  a  thick  paste,  b,  made 
Fig.  1 8.  by  mixing  mercurous  sulphate  with  a  saturated 

solution  of  zinc  sulphate.  The  positive  ele- 
ment is  a  rod  of  pure  distilled  zinc,  z,  which 
dips  into  the  paste.  It  is  usual  to  seal  the 
battery  by  means  of  marine  glue  or  india- 
rubber,  s.  Connection  is  made  with  the  zinc 
by  means  of  a  copper  wire,  c,  soldered  to 
the  upper  end  of  the  zinc  rod  which  passes 
through  the  glue  or  rubber  stopper.  A  pla- 
tinum wire,  p,  fused  into  the  bottom  of  the 
vessel,  makes  contact  with  the  mercury. 

It  is  highly  essential  that  the  constituents 
of  the  cell  should  be  absolutely  pure,  hence 
the  necessity  for  re-distilling  the  zinc  and 
mercury.  The  mercurous  sulphate  can  be 
made  by  dissolving  pure  mercury,  placed  in 
excess,  in  hot  pure  sulphuric  acid.  The  sulphate  is  an  insoluble 
white  powder,  and  should  be  well  washed  with  distilled  water 
before  it  is  mixed  with  the  zinc  sulphate,  to  remove  any  trace  of 
the  mercuric  sulphate  or  of  free  acid.  The  mercuric  contains  a 
smaller  proportion  of  mercury  than  the  mercurous  sulphate,  and, 
on  the  addition  of  water,  imparts  to  it  a  yellowish  tinge. 

The  chemical  action  which  takes  place  during  the  passage  of 
a  current  is  to  decompose  the  mercurous  sulphate,  adding  the 
mercury  released  to  that  already  in  the  vessel,  an  equivalent  of 
zinc  being  simultaneously  dissolved  off  the  positive  rod,  thus 
increasing  the  amount  of  sulphate  of  zinc  in  the  paste. 

The  electro-motive  force  of  this  cell  is  i'435  volt,  or,  in  terms 
of  the  B.A.  unit,  i'454  volt,  and  is  exceedingly  uniform,  providing 
only  that  it  is  never  allowed  to  send  a  current  of  any  appreciable 
strength.  If  the  resistance  of  the  circuit  is  low,  the  current 
becomes  proportionally  strong,  and  the  mercury  salt  is  not  then 
capable  of  being  decomposed  at  a  corresponding  rate,  whence 
polarisation  sets  in  and  the  electro-motive  force  falls  in  conse- 
quence. Under  the  most  favourable  conditions,  a  cell  which  has 
in  this  way  been  lowered  in  its  electro-motive  force  takes  a  con- 
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siderable  time  to  recover,  and  frequently  the  injury  is  permanent 
—that  is  to  say,  the  cell  becomes  practically  useless.  The  electro- 
motive force  also  decreases  with  an  increase  of  temperature,  the 
rale  being  about  o'o8  per  cent  per  d^ee  Centigrade. 

The  commercial  form  of  Clark  cell  constructed  after  the  plan 
of  Dr.  Muirhead  is  illustrated  in  fig.  19.  Instead  of  using  a  layer 
of  mercury,  the  platinum  electrode  a,  fused  through  fig.  19. 

the  glass-containing  vessel,  is  made  of  a  long  piece 
of  wire  which  is  coiled  into  a  close  flat  spiral  and 
coated  with  mercury,  either  by  heating  and  then 
immersing  it  in  a  mercury  bath,  or  by  heating  the 
mercury  ancf  the  platinum  together.  The  spiral  is 
then  embedded  in  the  paste,  composed  of  pure 
mercurous  sulphate  and  a  saturated  solution  of 
pure  zinc  sulphate,  /.  The  pure  zinc  rod,  z,  is 
dipped  into  the  paste,  and  a  cement  stopper,  r, 
holds  the  whole  firmly  together,  so  that  the  cell  is  made  more 
portable  than  that  shown  in  fig.  18,  which  has  the  disadvantage 
that  the  constituents  of  the  cell  „ 

riG.  90. 

are  liable  to  become  mixed  if  it 
is  not  used  very  carefully.  The 
mercury  deposited  on  the  plati- 
num spiral  is  suflficient  to  form  or 
maintain  the  negative  element  or 
'  plate,'  so  that  a  layer  of  mercury 
is  not  really  necessary. 

Fig.  20  shows  the  method 
employed  for  casing  in.  A  cylin- 
drical briss  case  with  an  ebonite 
cover  is  used,  and  contains  two 
cells  which  can  be  balanced  one 
against   the   other  to  test   their 

relative  electro-motive   force,  or  \ 

they  can  be  used  together  and 
^yt  a  double  electro-motive 
force.    A  thermometer  is  likewise 

provided,  the  bulb  being  inside  and  the  tube  bent  so  as  to  lie 
over  the  scale  on  the  cover.     This  is  an  important,  though  simple 
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innovation,  and  assists  in  the  avoidance  of  an  error  due  to  a 
varying  temperature.  To  avoid  any  error  due  to  polarisation  it  is 
better  to  employ  the  cell  only  for  the  purpose  of  making  an  effort 
to  send  a  current,  and  noting  the  maximum  potential  difference  it 
can  produce,  which  will  be  equal  to  the  electro-motive  force  of 
the  cell.  For  example,  it  may  be  used  to  charge  a  standard  con- 
denser, or  in  conjunction  with  the  *  potentiometer '  described  in 
Chapter  VI. 

The  only  other  form  of  single-fluid  battery  which  we  shall 
notice   is   that  in  which  a  solution  of  bichromate  of  potash  is 
employed,  and  which  is  frequently  made  in  the  form^shown  in  the 
Fig.  ai.  diagram  (fig.  21).     It  consists  of  an  alternation 

of  zinc  and  carbon  plates  (always  one  more  of 
carbon  than  of  zinc),  placed  in  a  glass  vessel 
containing   the  solution.     The  carbons  are  all 
connected  together  so  as  to  give  a  large  negative 
surface,  as  also  are  the  zincs,  so  as  to  present  a 
large  positive  surface  to  the  solution.     In  most 
cases  the  zincs  are  attached  to  a  metal  rod,  //, 
which  slides  in  a  hole  in  the  cover,  so  that  by 
raising  the  rod  the  plates  can  be  readily  removed 
from  the  liquid  and  the  wasteful  consumption 
of  the   zinc  and   bichromate  of  potash  which 
would  otherwise  take  place  when  the  cell  is  idle 
prevented. 
The  solution  consists  of  i   part  by  weight  of  bichromate  of 
potash,  2  parts  of  good  sulphuric  acid  (of  i  -8  specific  gravity),  and 
1 2  parts  of  clean  water.     The  bichromate  of  potash  is,  first  pul- 
verised and  then  added  slowly  to  the  acid,  stirring  all  the  time. 
This  converts  the  bichromate  of  potash  into  chromic  anhydride 
and  potassic  sulphate,  which  precipitates  in  a  beautiful  crystalline 
formation,  the  chemical  reactions  being  indicated  by  the  equa- 
tion : — 

K.CraO;  4-  7SO4H0  =  aCrOg  -h  K.SO^  -h  OH.,  -h  6SO4H., 

IJichmmatc         Sulphuric  acid.        Chromic  Potassic  Water.       Sulphuric  acid, 

ofjvotash.  anhydride.  sulphate. 

Water  is  then  added  slowly,  when  the  crystals  are  dissolved 
and  the  chromic   anhydride  converted  into  chromic  hydrate  or 
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acid  (H^CrO  4)  by  the  absorption  of  water,  a  quantity  of  the  water 
being  taken  up,  with  the  usual  result  that  follows  the  admixture  of 
sulphuric  acid   and  water— viz.  the  evolution  of  a  considerable 
amount  of  heat.     The  energy  with  which  the  acid  unites  with  the 
water  is  very  great,  and  it  is  this  that  necessitates  the  slow  addition 
of  the  latter.      If  poured  on  too  abruptly  there  is  considerable 
danger  of  the  mixture  being  ejected  from  the  vessel  and  scattered 
about  the  person  or  on  anything  that  may  be  near.     As  the  acid 
is  exceedingly  corrosive,  it  is  impossible  to  take  too  much  pre- 
caution when  adding  the  water.      In  ordinary  cases  where  the 
acid  and  water  are  to  be  mixed  it  is  by  far  the  safer  plan  to  add 
the  acid  to  the  water,  as  the  former  will  then  find  plenty  of  the 
latter  to  satisfy  its  almost  insatiable  thirst. 

When  the  solution  of  the  crystals  is  completed  and  when  the 
liquid  has  cooled  down  to  the  ordinary  temperature,  it  is  ready 
for  use.  On  completing  the  circuit  and  allowing  the  current  to 
flow,  the  zinc  is  dissolved,  forming  zinc  sulphate,  and  the  chromic 
acid  is  converted  into  chromic  sulphate,  water  being  liberated. 
The  reaction  may  be  expressed  by  the  equation  : — 

jZn  +  6H2SO4  +  2HaCr04  =  3ZnS04  +  8OH2  +  Cra3(S04) 

Zinc        Sulphuric  acid.       Chromic  acid.        Zinc  sulphate.         Water.     Chromic  sulphate. 

This  battery  has  an  electro- motive  force  of  about  2  volts,  while 
its  resistance  is  very  low.  It  yields,  therefore,  a  considerable 
current,  which  does  not,  however,  last  long,  rarely  more  than  an 
hour  or  so,  because  of  the  rapidity  with  which  the  cell  becomes 
polarised.  On  the  other  hand,  when  only  used  occasionally,  the 
same  solution  will  last  for  a  very  long  time.  As  there  is  a  tendency, 
by  secondary  chemical  reactions  taking  place  between  the  various 
constituents  of  the  cell,  to  form  hard  crystals  of  a  double  salt 
(known  as  chrome  alum)  which  at  times  cause  a  fracture  of  the 
jar,  it  is  advisable  to  avoid  square  or  flat  cells  for  this  battery.  As 
we  shall  presently  see,  a  modification  is  extensively  used  on  account 
of  its  high  electro-motive  force,  its  low  internal  resistance,  and  its 
approximation  to  constancy. 

We  come  now  to  consider  the  double-liquid  batteries,  the 
great  aim  of  which  is  to  obtain  constancy,  even  if  at  the  cost  of 
a  higher  internal  resistance.     The  chief  obstacle  to  constancy,  we 
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have  seen,  is  the  accumulation  of  hydrogen  on  the  negative  surface, 
which  hydrogen  must  therefore  be  absorbed.  Daniell,  in  1836, 
was  the  first  to  achieve  this  object,  which  he  did  by  using  a 
metallic  salt  in  the  neighbourhood  of  the  negative  plate,  separated 
from  the  zinc  and  acid  solution  by  means  of  a  porous  division 
which,  on  being  moistened,  allowed  the  current  to  pass  through 
it,  but  which  at  the  same  time  prevented,  or  rather  impeded,  the 
intermingling  of  the  two  solutions.  The  conception  of  a  porous 
division  was  certainly  a  brilliant  idea,  but  so  also  was  that  which 
determined  the  kind  of  solution  which  was  to  surround  the  nega- 
tive plate.  This  liquid  contains  a  large  quantity  of  the  very  same 
metal  as  that  of  which  the  plate  itself  is  constructed,  and  it  is  due 
in  a  great  measure  to  this  fact  that  the  Daniell  cell  stands  alone, 
and  pre-eminently  so,  as  tJu  constant  cell.  The  cell  is  put 
together  in  a  great  variety  of  shapes  and  patterns,  varying  with 
the  purpose  to  which  it  is  intended  to  be  applied.  It  consists 
essentially  of  an  outer  porcelain  or  other  non -porous  vessel,  con- 
taining the  zinc.  Inside  this  is  placed  an  unglazed  earthenware 
vessel,  which  contains  a  piece  of  thin  sheet  copper.  The  porous 
vessel  is  nearly  filled  with  copper  sulphate  (known  more  generally 
as  bluestone),  and  water  is  poured  on  till  the  level  is  about  the 
same  as  that  in  the  outer  vessel,  which  contains  a  solution  of  one 
part  of  sulphuric  acid,  or  of  zinc  sulphate,  with  12  to  20  parts  of 
water. 

The  chemical  reactions  which  take  place  in  the  Daniell  cell 
are  of  a  very  simple  character.  On  completing  the  circuit  the 
zinc  enters  into  action  with  the  sulphuric  acid  and  forms  sulphate 
of  zinc  (ZnS04),  releasing  free  hydrogen  (H2),  in  precisely  the 
same  way  as  in  the  simple  cell.  This  hydrogen  is  not,  however, 
liberated  on  the  surface  of  the  negative  or  copper  plate,  but  at 
or  near  the  porous  partition  where  the  two  liquids  meet.  The 
hydrogen  coming  into  the  presence  of  the  copper  sulphate  solution, 
proceeds  at  once  to  displace  the  metal  from  its  combination, 
setting  it  free  as  metallic  copper,  and  taking  its  place  to  form  a 
new  equivalent  of  sulphuric  acid.  The  liberated  copper  acts  in  a 
manner  very  much  akin  to  that  of  the  free  hydrogen  in  the  acid 
solution — that  is,  it  breaks  up  the  next  molecule  of  copper  sul- 
phate, and  produces  a  new  molecule  of  the  same  compound  by 
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replacement,  and  so  on  until  the  surface  of  the  negative  plate  is 
ultimately  reached,  on  which  is  deposited  the  finally  released 
copper  particle. 

A  little  reflection  will  reveal  to  the  student  something  of  the 
greatness  of  the  advance  thus  made  by  Daniell.  In  the  first 
place,  we  find  the  released  hydrogen,  which  was  the  great  drawback 
in  the  simple  cell,  taken  up  entirely  by  a  very  easily  decomposable 
salt,  and  thus  prevented  from  polarising  the  battery.  Further- 
more, instead  of  the  deposition  of  the  foreign  hydrogen  film  on 
the  copper  plate,  copper  purer  than  can  be  obtained  by  any  other 
simple  process  is  deposited.  In  fact,  a  similar  process  is  em- 
ployed commercially  for  the  extraction  of  copper  from  its  ores, 
and  for  the  refinement  of  comparatively  impure  bars.  The  action 
that  takes  place  from  the  zinc  to  the  copper  surface  may  be  ex- 
pressed thus  : —  / 

Zn  +   SO4H2   +  SO4CU  =  ZnSo4   +  SO4H2  +  Cu 

Zinc  Sulphuric  Copper  Zinc  Sulphuric        Copper, 

acid.  sulphate.  sulphate.  acid. 

Or  showing  the  effect  on  a  few  of  the  intermediate  molecules : — 
Before  action, 
\  SO4HJ  SO4H2  SO4H2  I  SO4CU  SO4CU  SO4CU  1 

Zinc  Porous  Copper, 

partition. 

In  action, 
I  SO4  H2SO4  H2SO;  Ha  rS04  CUSO4  CUSO4  Cu"l 

Zinc  Porous  Copper, 

panition. 

We  see  here  that  for  every  atom  of  zinc  dissolved  one  atom  of 
copper  is  deposited,  and  for  every  molecule  of  sulphuric  acid 
decomposed  by  the  zinc,  or  for  every  molecule  of  cupric  sulphate 
decomposed  by  the  nascent  hydrogen,  one  molecule  of  sulphuric 
acid  is  formed.  Theoretically,  then,  the  gross  quantity  of  free 
sulphuric  acid  should  remain,  constant,  zinc  sulphate  should  be 
continuously  increasing,  while  the  sulphate  of  copper  should 
diminish  in  precisely  the  same  ratio— that  is,  one  molecule  or 
equivalent  of  zinc  sulphate  should  be  formed  for  every  molecule 
or  equivalent  of  cupric  sulphate  that  is  decomposed.  Further,  for 
every  65  parts  by  weight  of  zinc  dissolved,  63  parts  by  weight  of 
copper  should  be  deposited. 
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A  weak  solution  of  zinc  sulphate  is  frequently  substituted  for 
the  sulphuric  acid  solution.  In  that  case  no  hydrogen  at  all  is 
generated,  so  that  polarisation  from  this  cause  is  altogether  impos- 
sible. The  series  of  chemical  reactions  presents  the  same  general 
features.  On  joining  up,  the  zinc  sulphate  attacks  the  metallic 
zinc,  fresh  particles  or  molecules  of  the  salt  are  formed,  and 
metallic  zinc  liberated  in  place  of  the  hydrogen  which  is  produced 
when  sulphuric  acid  is  employed.  The  liberated  zinc  decomposes 
the  copper  sulphate,  forming  more  zinc  sulphate  and  liberating  the 
copper.  Eventually,  copper  is  deposited  on  the  copper  plate,  the 
reactions  being  set  forth  in  the  equation  : — 


Zn  +  S04Zn  +  SO4CU  = 

2ZnS04  +  Cu 

Zinc.             Zinc                 Copper 

Zinc              Copper. 

bulphate.            Pulphale. 

sulphate. 

The  substitution  of  the  zinc  sulphate  for  the  acid  has  also  the 
effect  of  reducing  the  wasteful  consumption  of  the  zinc.  Unless 
the  cell  is  required  for  immediate  use  there  is  really  no  need  to 
add  even  the  zinc  sulphate  to  the  water,  the  reason  for  which  will 
be  seen  presently. 

The  chemical  changes,  however,  which  are  brought  about  in 
the  Daniell  by  the  propagation  of  the  current,  constitute  only  a 
portion,  and  that  a  by  no  means  large  one,  of  the  total  amount 
of  chemical  change  that  ensues  on  fitting  up  the  cell.  The 
porosity  of  the  unglazed  earthenware  partition,  while  it  allows  the 
two  solutions  to  come  into  contact,  also  permits  of  their  diffusion 
or  gradual  mixing.  All  liquids  do  not  diffuse  at  a  uniform  rate, 
the  rate  of  diffusion  varying  inversely  as  the  square  of  their  specific 
gravities.  The  immediate  consequence  of  this  is,  that  some  of 
the  copper  sulphate  solution  passes  through  into  the  zinc  division, 
where  its  copper  is  displaced  by  zinc,  thereby  converting  the 
copper  sulphate  into  zinc  sulphate.  The  copper  so  displaced  is 
deposited  in  a  black  spongy  mass  upon  the  surface  of  the  zinc,  or 
is  precipitated  to  the  bottom  of  the  cell  as  battery  *  mud.'  All 
this  means  so  much  waste,  for  the  zinc  is  dissolved  and  the  copper 
sulphate  decomposed,  without  the  production  of  any  available 
current  of  electricity.  The  deposit  on  the  zinc  plate  converts  the 
cell,  in  a  great  measure,  into  one  with  two  copper  surfaces. 

When  the  battery  is  intended  only  for  occasional  use,  or  w^hen 
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l\\e  external  circuit  is  of  relatively  high  resistance,  it  is  much  pre- 
ferable to  use  somewhat  denser  porous  partitions,  whereby  the 
diffusion  of  the  solutions  is  to  some  extent  prevented,  or  at  least 
brndered.  The  presence  of  denser  porous  partitions  implies,  of 
course,  a  proportional  increase  in  the  internal  resistance  of  the 
battery.  It  may  here  be  mentioned  that  white  unglazed  porcelain 
is  harder  and  less  porous  than  the  red  variety,  and  is  therefore 
generally  to  be  preferred.  Generally  speaking,  it  is  not  advisable 
to  employ  the  Daniell  for  occasional  work  on  account  of  the  loss 
due  to  the  interchange  of  the  solutions  and  the  wasteful  consump- 
tion of  the  zinc  and  sulphate  of  copper. 

Great  care  must  also  be  taken  that  the  various  constituents  of 
the  cell  are  of  the  purest  possible  character,  and  all  metallic  joints 
must  be  electrically  continuous.  A  small  percentage  of  impurity 
in  either  of  the  solutions  will  have  most  deleterious  effects.  Three 
substances  are  required  as  pure  as  our  knowledge  can  render 
them.  The  copper  sulphate  must,  above  all  things,  be  pure, 
Ijecause  of  the  weakness  of  the  chemical  affinity  between  sulphuric 
acid  and  copper.  In  the  event  of  the  salt  not  being  so,  the  im- 
purities will  precipitate  the  copper  and  then  small  *  local  actions  ' 
will  be  called  into  existence,  much  to  the  prejudice  of  the  primary 
or  main  current.  The  impurity  most  common  in  copper  sulphate 
is  iron,  which  may  be  readily  detected,  for,  as  liquids  are  essentially 
diffusive,  a  small  test-tube  full  will  give  the  same  quantitative  as 
well  as  qualitative  result  as  any  larger  quantity.  Acid  solutions  of 
copper  are  of  a  brilliant  greenish  blue  hue,  while  the  corresponding 
ammoniacal  solutions,  due  to  the  free  addition  of  ammonia  solu- 
tion, are  of  a  beautiful  deep  blue  colour.  If,  therefore,  we  add 
an  excess  of  ammonia  to  the  acid  solution  {i.e.  more  than  sufficient 
to  neutralise  the  acid),  the  copper  will  be  readily  retained  in  the 
solution,  but  with  the  change  of  colour  mentioned  above.  Iron, 
however,  while  it  is  soluble  in  acid,  is  precipitated  by  ammonia— 
that  is  to  say,  the  ammonia  will  not  allow  the  iron  to  remain  in 
solution.  Should  there,  therefore,  be  any  iron  in  the  acid  solu- 
tion, it  will  be  precipitated  as  a  dark  powder  on  the  addition  of 
the  alkaline  ammonia.  The  sulphuric  acid  or  sulphate  of  zinc, 
when  used,  must  likewise  be  free  from  impurities,  the  chief  of 
which  is  again    iron.     This   metal  in   sulphuric  acid   gives  it  a 
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yellowish  tinge,  even  when  in  small  quantities.  Good  acid  should 
be  as  colourless  as  pure  water,  and  when  poured  from  one  vessel 
to  another  should,  if  of  the  requisite  strength  and  specific  gravity, 
have  the  viscidity  of  oil.  The  porous  partition,  unless  carefully 
made,  is  liable  to  contain  small  particles  of  cinder,  &c.,  and  these 
tend  to  decompose  the  cupric  sulphate  with  a  precipitation  of  the 
copper,  which  forms  itself  into  nuggets  in  the  pores  of  the  earthen- 
ware and  frequently  chip  or  even  completely  fracture  it. 

The  zinc  should  be  pure,  or  as  nearly  so  as  it  can  be  obtained. 
Chemically  pure  zinc,  however,  is  manufactured  with  great  diffi- 
culty, and  is  consequently  very  expensive.  The  presence  of 
foreign  matter  is,  nevertheless,  a  very  great  deterrent  to  the  good 
working  of  the  cell,  for  it  must  be  remembered  that  the  presence 
in  a  solution  of  two  metals  in  contact,  or  otherwise  electrically 
connected,  always  results  in  the  production  of  electrical  currents. 
If,  therefore,  there  are  particles  of  foreign  metals  mixed  up  with 
the  zinc,  there  necessarily  occurs  local '  currents  which  act  disad- 
vantageously  in  at  least  two  ways — first  by  wasting  the  zinc,  and 
secondly  by  weakening  the  main  current.  As  zinc  is  positive  to 
every  available  substance  (the  only  metals  positive  to  it  being 
potassium  and  sodium,  which,  on  account  of  their  extreme  affinity 
for  water,  are  never  employed  for  battery  purposes),  the  admixture 
of  particles,  say,  of  iron,  tin,  or  arsenic,  causes  small  currents  to 
travel  from  the  zinc  to  those  particles,  and  while  the  impurities 
remain  to  a  great  extent  unaffected  (because  of  their  being  the 
negative  element),  the  zinc  is  constantly  suffering  a  loss  by  con- 
sumption or  conversion  into  a  salt.  These  minute  currents  are 
furthermore  produced  on  the  surface  of  the  zinc,  and  must,  as 
already  mentioned,  interfere  considerably  with  the  production  of 
the  primary  current.  The  difficulties  arising  from  the  presence 
of  impurities  are  also  increased  if  the  zinc  is  imperfectly  or 
improperly  manufactured.  The  molecular  arrangement  (or  the 
relative  position  of  the  molecules)  must  be  homogeneous  through- 
out the  surfaces  of  each  plate,  otherwise  currents  will  be  set  up 
between  the  softer  and  harder  parts  of  the  zinc— in  a  word,  they 
possess  slightly  different  electrical  properties,  so  that  even  if 
chemically  pure  zinc  were  procured,  it  would  not  follow  as  a  matter 
of  course  that  we  should  be  secured  against  this  source  of  wasteful 
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local  action.  Concentrated  sulphuric  acid  has,  it  may  be  men- 
tioned, no  effect  on  pure  zinc  provided  it  is  properly  annealed — 
that  is  to  say,  that  the  surfaces  have  been  softened  and  made 
molecularly  homogeneous.  The  acid  can,  therefore,  furnish  us 
with  a  tolerably  reliable  test  for  the  degree  of  purity  and  equable 
texture  possessed  by  the  metal. 

The  effect  both  of  the  presence  of  any  impurity  and  of  un- 
equal hardness  can,  however,  be  effectually  overcome,  at  least  for 
a  time,  by  the  process  known  as  *  amalgamation.'  This  process 
consists  in  first  thoroughly  cleansing  the  surfaces  of  the  metal  by 
immersing  it  for  a  time  in  a  dilute  sulphuric  or  hydrochloric  acid 
solution,  and  subsequently  (but  while  still  wet  with  the  acid) 
coating  the  surfaces  with  mercury.  This  operation  is  generally 
recommended  to  be  performed  by  rubbing  the  mercury  on  with 
a  sponge  or  piece  of  cloth  at  the  end  of  a  stick  ;  but  this  is  a 
very  irksome  and  tedious  operation,  more  especially  when  the 
zincs  are  cylindrical,  and  it  is  quite  as,  if  not  more,  efficacious  to 
pour  the  mercury  (which  should  afterwards  be  used  for  no  other 
purpose)  into  a  flat  vessel  and  lay  or  roll  the  zincs  in  it.  This 
may  be  thought  a  wasteful  process,  but  the  superabundant  mer- 
cury can  be  easily  removed  by  wiping  the  surfaces  over  and  then 
standing  them  on  a  dish,  to  allow  any  mercury  that  may  be  still 
free  to  fall  off.  This  method  is  much  to  be  preferred  when  it  is 
required  to  amalgamate  a  large  number  of  plates.  A  very  little  mer- 
cury deposited  at  the  bottom  of  the  zinc  division  in  the  battery 
will  suffice  to  keep  the  plate  well  amalgamated  for  a  long  time. 

By  adopting  the  process  of  amalgamation  the  commonest  zinc 
can  be  rendered  thoroughly  serviceable  for  a  greater  or  less  period 
according  to  the  degree  of  effectiveness  with  which  the  process 
has  been  carried  out.  As  to  its  rationale,  it  appears  evident  that 
the  function  of  the  mercury  is  to  homogenise  the  molecular 
arrangement  by  uniformly  softening  the  zinc  and  forming  with  it  a 
regular  amalgam  unassailable  by  pure  sulphuric  acid.  The  amal- 
gam in  an  almost  liquid  state  glides  over  and  covers  up  any 
impure  particles  that  have  not  been  dissolved  off  by  the  washing 
process ;  as  the  zinc  wears  away  these  particles  fall  out  and  drop 
to  the  bottom  of  the  cell  to  do  no  further  harm. 

The  mercury  does  not  enter  into  action  with  the  acid  or  in 
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any  other  way  interfere  with  the  efficient  working  of  the  cell,  but 
on  joining  up  the  battery  the  acid  attacks  and  dissolves  the  zinc 
more  or  less  uniformly,  the  mercury  eating  its  way  inwards  as  the 
superficial  zinc  particles  enter  into  the  solution. 

Fig.  22. 


The  circular  form  of  battery  is  extravagant  in  the  matter  of  shelf 
or  floor  space,  while  the  square  or  flat  types,  which  have  practically 
superseded  the  circular  ones,  are  essentially  compact,  and  are  for 
that  reason  to  be  preferred.     The  square  type  consists  generally  of 


Fig.' 23. 


a  wooden  box  or  trough,  into  which  five  double  or  ten  single  cells 
of  white  glazed  porcelain  or  ebonite  are  placed,  when  it  presents 
a  neat  and  compact  appearance,  as  shown  in  fig.  22.  Fig.  23 
is  a  section  of  one  of  the  single-cell  porcelain   vessels,  fig.  24 
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illustrating  the  double-cell  form.  The  latter  is  square  and  is  very 
convenient.  There  is  a  little  ridge  along  the  bottom  of  each  cell 
(see  fig.  23)  to  keep  the  flat  porous  vessel  in  position.  This 
porous  vessel  containing  the  copper  plate  is  filled  up  with  copper 
sulphate  crystals,  the  zinc,  which  should  be  not  less  than  ^  inch 
thick  (to  allow  for  waste  by  local  action),  being  suspended  in  the 
zinc  sulphate  solution.  It  will  be  noticed  that  the  copper  plate  is 
attached  to  the  zinc  of  the  next  adjacent  cell.  It  is  usual  in 
practice  to  rivet  one  end  of  a  copper  strap  on  to  the  copper  plate, 
the  zinc  being  cast  on  to  the  other  end  of  the  strap.  In  this  way 
expensive  binding  screws  or  terminals  are  dispensed  with,  and  a 
good  and  substantial  contact  is  ensured.  The  last  zinc  and  the 
last  copper  are  connected  to  brass  terminals,  which  become  re- 
spectively the  negative  and  positive  poles  of  the  battery. 

Nothing  but  clean  water  (hard  water  should,  if  possible,  be 
avoided)  is  poured  into  the  zinc  division,  but  enough  is  employed 
to  bring  it  up  to  within  about  a  quarter  of  an  inch  of  the  top  of 
the  zinc  plate.  The  battery  at  the  end  of  about  twenty-four  hours 
wll  be  found  to  be  in  working  order,  the  sulphate  having  dissolved 
in  the  copper  division  and  enough  passed  through  the  porous 
partition  to  start  the  chemical  action.  Under  these  circumstances, 
then,  a  portion  of  the  cupric  sulphate  that  would  otherwise  be 
wasted  is  utilised  to  convert  the  water  into  a  solution  of  zinc 
sulphate-  If  the  cell  is  wanted  for  immediate  use,  the  zinc  division 
must  be  filled  with  a  weak  solution  of  sulphate  of  zinc  (or  sulphuric 
acid),  and  the  copper  division  with  a  saturated  solution  of  sulphate 
of  copper  ;  action  then  commences  at  once.  It  is  often  more 
convenient  to  dispense  with  the  trough  or  box  and  place  the  cells 
side  by  side  on  a  shelf.  The  advantage  of  this  in  an  extensive 
battery  room  is  apparent. 

All  porous  pots  should  be  dipped,  top  and  bottom,  in  melted 
paraflSn  wax,  so  as  by  filling  up  the  pores  to  prevent  the  solutions 
mingling  too  freely  or  rising  to  the  top  above  the  level  of  the 
liquids,  and  so  allowing  the  water  to  evaporate  and  the  salts  to 
crystallise  out.  One  side  of  the  flat  porous  pots  may  also  be 
paraffined  with  advantage — viz.  the  side  which  is  remote  from 
the  zinc. 

A  porous  pot  which  has  been  once  used  should  not  be  allowed 
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to  get  dry,  as  the  crystals  which  form  on  drying  will  chip  it,  and 
soon  render  it  useless. 

The  Daniell  cell,  when  in  good  condition,  can  be  employed 
as  a  standard  of  electro-motive  force,  and  owing  to  the  ease  with 
which  the  copper  salt  is  decomposed,  the  cell  possesses  one  great 
advantage  over  the  Clark  standard  cell,  in  that  it  does  not  polarise 
when  joined  on  short  circuit,  even  for  a  considerable  time.  It 
has,  however,  the  disadvantage  that  for  accurate  measurement 
it  requires  a  certain  amount  of  attention  which  must  be  par- 
ticularly directed  to  the  zinc  division,  to  keep  it  free  from  copper. 
F,G.  25  A  very  handy  and  convenient 

form  of  Standard  Daniell  is 
that  used  in  the  Postal  Tele- 
graph service,  and  shown  in 
fig.  25.    In  a  square  wooden 
box,  provided  with  two  ter- 
minals  for   connection,   are 
three  water-tight  chambers. 
When  the  cell  is  not  in  use, 
the  copper  plate  c  is  removed 
to   the   right-hand  chamber 
containing  copper   sulphate 
solution,  the  zinc  plate  z  and 
the  porous  pot  containing  it 
being  transferred  to  the  left- 
hand  chamber.   This  porous  pot  is  supplied  with  a  semi -saturated 
solution  of  zinc  sulphate,  the  copper  sulphate  solution  and  its 
reserve  of  crystals  being  placed  in  the  middle  chamber.     All  that 
is  then  necessaiy  to  put  the  cell  in  working  order  is  to  remove 
the  copper  and  the  porous  pot  into  the  centre  division.    The  stud 
b  attached  to  the  lid  prevents  it   being  shut  down  unless  the 
porous  pot  has  been  removed  to  the  outer  chamber.     Such  a  cell 
will  maintain  an  electro-motive  force  of  1*07  to  1*079  volt  for  a 
considerable  time,  providing  that  the  copper  and  porous  pot  are 
removed  to  their  respective  idle  chambers  between  the  tests. 

There  is  another  form  of  Standard  Daniell,  which  we  have 
found  very  reliable,  very  easy  to  make,  and  very  inexpensive.  It 
consists  of  a  U-tube  (fig.  26)  about  half  an  inch  in  diameter  and 
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5  inches  long  in  the  leg.  A  little  cotton  wool  is  pushed  down  to 
the  bottom  of  the  bend  to  form  the  porous  partition.  One  leg,  b, 
is  provided   with   a  quantity   of  a  Fig.  26. 

saturated  solution  of  sulphate  of 
copper,  and  the  other  leg,  a,  with  a 
semi-saturated  solution  of  sulphate 
of  zinc.  A  piece  of  pure  copper 
wire,  say  three-sixteenths  of  an  inch 
thick,  forms  the  negative  plate,  the 
positive  plate  consisting  of  a  rod  ot 
chemically  pure  zinc,  such  as  can  be 
obtained  of  any  dealer  in  chemical 
materials.  These  rods  are  fixed  in 
position  and  the  ends  of  the  tube 
sealed  by  means  of  corks  or  india- 
rubber  stoppers.  The  cell  can  be 
secured  to  a  wooden  stand  by  means 
of  an  india-rubber  band,  and  wires 
connected  to  the  rods  can  be  joined 
to  terminals  fitted  on  the  board. 
Such  a  cell  can  be  put  together  in 
a  few  minutes,  and  always  secures 
a  reliable  standard  of  electro-motive 
force,  quite  good  enough  for  all 
ordinary  practical  work,  but  of  course 

its  internal  resistance  is  too  high  to  enable  it  to  be  used  to  give  a 
standard  current  in  the  same  way  that  the  cell  just  described  is 
usually  employed. 

We  have  seen  that  Daniell  absorbed  the  freed  hydrogen  by 
causing  it  to  reduce  a  metallic  salt  :  Grove  and  Bunsen  in  their 
batteries,  to  be  now  described,  oxidised  the  hydrogen  by  means  of 
an  add,  water  being  produced  by  this  hydrogen  instead  of  sul- 
phuric acid  or  sulphate  of  zinc.  In  the  negative  division  con- 
centrated nitric  acid  is  used,  into  which  Grove  dipped  platinum 
foil,  while  Bunsen  adopted  gas-carbon.  Zinc,  as  usual,  constituted 
the  positive  plate  in  each  case,  the  liquid  placed  with  it  being  a 
solution  of  sulphuric  acid.  The  illustration  (fig.  27)  shows  the 
construction   of  the  Grove.     It  is   usually  contained  in  a  flat 
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rectangular  glass,  porcelain,  or  ebonite  vessel,  porcelain  being 
perhaps  the  best.  The  amalgamated  zinc  plate,  z,  is  bent  into  a 
U -shape,  and  embraces  the  flat  porous 
pot  which  contains  the  platinum  foil,  p. 
By  this  arrangement  each  surface  of  the 
platinum  has  opposed  to  it  a  surface  of 
zinc,  the  internal  resistance  being  con- 
sequently very  low.  A  strong  solution 
of  sulphuric  acid  (about  i  of  acid  to  7 
or  8  of  water)  is  poured  into  the  outer 
cell  and  strong  nitric  acid  having  a 
specific  gravity  of  1*420  is  placed  in 
the  inner  cell  with  the  platinum.  The 
copper  or  brass  connections  or  termi- 
nals should  be  lacquered  except  upon 
those  surfaces  which  take  part  in  the 
electrical  circuit,  to  protect  them  as 
much  as  possible  from  the  gases  which 
are  evolved  during  the  working  of  the  cell. 

The  action  is  in  the  first  stage  similar  to  that  in  the  Daniell, 
but  there  is  some  diversity  of  opinion  as  to  what  actually  transpires 
in  the  platinum  division.  Zinc  sulphate  is  formed  by  the  action 
of  the  sulphuric  acid  on  the  zinc,  and  the  hydrogen  which  is 
thereby  released  reduces  the  nitric  acid  (HNO3)  to  water  and 
nitric  peroxide  (N2O4),  which  ascends  as  a  gas  into  the  air.  This 
gas  is  distinguishable  from  all  others  by  its  dense  brown  appear- 
ance and  its  extremely  pungent  odour. 

The  chemical  reactions  may  be  represented  by  the  equation — 

Zn  +  SO4H2  +  2HNO3  =  ZnSO^  +  2OH2  =  N,04. 

Zinr.        Sulplmric  Nitric  Zinc  Water.  Nitric 

aoid,  aciil.  Sulphate.  Peroxide. 

It  will  be  noticed  that  the  nitric  acid,  which,  to  give  the  maxi- 
mum strength  of  current,  should  be  concentrated,  must  be  seriously 
weakened  as  the  current  is  produced.  This  results,  in  the  first 
place,  from  the  fact  that  every  atom  of  hydrogen  set  free  from  the 
sulphuric  acid  decomposes  a  portion  of  the  nitric  acid,  while  in 
the  second  place  the  water  which  is  formed  dilutes  and  so  weakens 
the   remaining   acid.      The   acid,  which^  when  first   poured   in. 
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should  be  quite  colourless,  is  first  turned  brown  by  the  peroxide, 
which  is  more  or  less  soluble  in  the  acid,  changing  subsequently 
to  green,  when  it  is  practically  useless. 

The  Bunsen  cell,  which  is  illustrated  in  fig.  28,  is  most  fire- 
quently  made  in  the  circular  form.  The  outer  jar  is  of  glazed 
earthenware  or  glass,  and  contains  Fig.  28. 

a  solution  of  sulphuric  acid,  ordi- 
narily in  the  proportion  of  i  of 
acid  to  7  or  8  of  water,  as  in  the 
Grove.  Into  this  is  placed  a  cleft 
zinc  cylinder,  and  inside  this  is 
the  porous  cell,  containing  a  rod 
of  carbon,  immersed  in  strong 
nitric  acid.  The  porosity  of  the 
carbon  enables  it  to  present  to 
the  liquid  a  very  extended  sur- 
face, as  compared  with  the  plati- 
num of  the  Grove  cell. 

The  action  in  the  battery  is 
precisely  the  same  as  in  the 
Grove,  since  the  carbon  and 
platinum  remain  chemically  un- 
affected. 

The  Daniell  and  the  Grove  cells  are  the  representatives  of  two 
extensive  classes  of  battery.  Daniell's  has  attained  its  high  standard 
of  popularity  on  account  of  its  cheapness  and  its  constancy.  It 
is  much  more  constant  than  either  of  those  we  have  as  yet 
mentioned.  The  Grove,  on  the  other  hand,  is  very  powerful,  but, 
owing  to  polarisation,  it  runs  down  very  rapidly,  and  is  not 
reliable  for  more  than  three  to  four  hours  at  a  time.  It  is,  how- 
ever, important  to  remember  that  if  the  negative  plate  and  its  acid 
are  removed  from  the  cell  separately  and  allowed  to  stand  for  a 
time,  the  acid  can  be  used  again  and  the  cell  will  give  a  current 
practically  as  good  as  before.  The  same  acid  can  be  used  three 
or  four  times  before  it  is  so  reduced  in  strength  as  to  materially 
affect  the  current,  a  state  which,  as  already  mentioned,  is  indicated 
by  the  greenish  hue  imparted  to  the  acid.  The  chief  use  of  the 
Grove  cell  in  England  is  for  experimental  purposes.     It  has  the 
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advantage  that  it  is  very  compact  and  portable.  The  Bunsen 
has  a  slightly  higher  electro-motive  force,  and  it  is  somewhat 
cheaper  than  the  Grove.  As,  however,  it  is  generally  constructed 
in  the  cylindrical  form,  it  is  less  convenient. 

There  are  many  forms  of  double-fluid  bichromate  batteries. 
In  nearly  all  of  them  zinc  and  carbon  are  employed  for  the  positive 

P,^j  j^  and  negative  elements  respectively,  the  dif- 

i^  ference  being,  generally  speaking,  confined 
to  the  *  depolarising '  solution  surrounding 
the  carbon  plate.  In  one  of  them,  however, 
a  great  feature  is  made  of  the  means  adopted 
for  keeping  the  zinc  well  amalgamated. 
This  cell  is  known  as  the  *  Fuller,*  and  it  is 
usually  made  up  in  a  round  earthenware  jar, 
in  which  is  placed  a  comparatively  small 
porous  pot  containing  a  zinc  rod  of  peculiar 
shape,  as  shown  in  fig.  29.  The  zinc  is  cast 
on  to  a  stout  copper  wire  which  passes 
almost  to  the  bottom  of  the  rod  and  helps 
to  keep  it  intact.  Two  or  three  ounces  of 
mercury  are  placed  in  the  porous  pot,  which, 
on  the  addition  of  the  solution  (dilute  sul- 
phuric acid),  creeps  up  the  surface  of  the  zinc  by  the  force  of 
capillary  attraction  and  so  keeps  it  uniformly  and  automatically 
amalgamated.  A  comparatively  small  carbon  plate  is  placed  in 
the  outer  vessel  in  a  solution  of  bichromate  of  potash,  derived, 
however,  from  a  stiff  paste,  of  which  a  quantity  is  placed  in  the 
bottom  of  the  cell,  and  which  contains,  probably,  a  quantity  of 
free  chromic  acid,  soda  nitrate,  &c.  An  unusually  large  quantity 
of  this  solution  is  generally  provided  in  order  to  maintain  its 
strength  for  a  longer  period  of  time  than  would  be  the  case  were 
the  more  usual  proportions  adopted.  The  chemical  action  is 
practically  the  same  as  that  in  the  single-fluid  bichromate  cell. 
What  is  true  of  the  nitric  acid  cells  of  Bunsen  and  Grove  is  also 
true,  although,  perhaps,  to  a  less  degree,  of  each  and  every 
form  of  bichromate  of  potash  or  of  chromic  acid  cell — viz.  that 
polarisation  and  the  accompanying  reduction  in  the  electro-motive 
force,  and  therefore  also  in  the  current  strength,  sets  in  after  the 
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battery  has  been  in  use  for  a  few  hours  more  or  less.  The 
electro-motive  force  of  the  cell  is,  however,  high,  averaging  2  volts, 
and  its  internal  resistance  is  also  very  low,  whence  it  finds  con- 
siderable favour. 

A  distinct  type  of  cell,  known  as  the  *  dry  '  cell,  has  during  the 
last  few  years  been  brought  into  somewhat  extensive  use,  but 
nearly  all  the  forms  of  this  type  Fig.  30. 

of  cell  are  in  principle  modifica- 
lions  of  the  Leclanch^  cell,  having 
zinc  and  carbon  for  the  positive 
and  negative  plates,  sal-ammoniac 
to  attack  the  zinc  plate,  and  man- 
ganese peroxide  to  intercept  the 
hydrogen.  The  electro-motive 
force  is  therefore  in  all  cases 
about  the  same  as  that  of  the 
Leclanch^,  viz.  1-5  volt.  The 
chief  feature  in  these  cells  is  the 
absence  of  any  liquid^  the  mate- 
rials being  made  up  into  a  damp 
paste.  It  should  be  manifest  that 
were  the  cell  really  dry,  chemical 
action  could  not  take  place,  and 
no  current  could  be  produced. 
As  it  is,  the  cells  are  liable  to 
become  useless  as  the  moisture 
in  the  paste  evaporates.  One  of 
the  best  of  the  many  forms  of  dry 
cell  is  that  known  as  the  E.C.C 
cell,  of  which  a  section  is  given 
in  fig.  30.     It  is  contained  in  a 

zinc  cylinder,  which  is  at  the  same  time  the  positive  plate,  and 
which  is  provided  with  a  lining,  p,  composed  of  plaster  of  Paris, 
flour,  chloride  of  zinc,  sal-ammoniac,  and  water  mixed  up  into  a 
paste,  which  quickly  sets  after  having  been  placed  in  position. 
Inside  this  is  another  paste,  b,  surrounding  the  carbon  plate,  c, 
and  composed  of  carbon,  peroxide  of  manganese,  chloride  of 
7Jnc,  and  water.     The  chloride  of  zinc,  which  is  increased  in 
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amount  during  the  action  of  the  cell,  is  a  deliquescent  salt,  and 
it  therefore  assists  in  keeping  the  pastes  moist.  The  top  of  the 
cell  is  sealed  in  with  a  layer  of  pitch  or  other  similar  material 
resting  on  a  layer  of  silicated  cotton.  A  small  hole  through  the 
pitch  permits  the  escape  of  such  gases  as  may  be  liberated. 
Connection  is  made  to  the  carbon  by  means  of  a  brass  terminal 
screw,  A,  and  to  the  zinc  cylinder  by  means  of  a  copper  wire  or 
strip,  w. 

When  newly  made  the  resistance  of  the  cell  is  considerably 
less  than  half  an  ohm,  but  it  rises  steadily  as  the  contents  become 
dry.  The  resistance  can,  however,  be  lowered  again,  although 
not  to  its  initial  value,  by  the  introduction  through  the  vent-hole 
of  a  little  weak  solution  of  sal-ammoniac. 

Dry  cells  of  this  description  are  certainly  very  handy,  more 
particularly  for  testing  operations,  where  the  batteries  have  to  be 
carried  about,  as  there  is  no  risk  of  spilling  any  corrosive  solution, 
and  the  cells  are  always  immediately  available. 

Primary  batteries  are  of  but  little  service  in  electric  lighting. 
They  are,  of  course,  valuable  for  testing  purposes,  but  as  sources 
of  current  for  the  electric  light  they  are  altogether  out  of  place, 
except  for  very  small  isolated  work,  owing  to  the  fact  that  zinc, 
which  is  in  every  case  used  as  the  positive  plate,  and  which,  being 
consumed  in  the  generation  of  the  current,  corresponds  to  the 
coal  consumed  in  an  engine,  is  very  many  times  dearer  than  coal. 
Even  were  expense  a  question  of  minor  importance,  there  still 
remains  the  fact  that  primar)'  batteries  are  very  troublissome  to 
maintain,  and  more  often  than  not  give  off  noxious  fumes,  which 
are  also  as  a  rule  highly  corrosive  What  is  really  wanted,  putting 
aside  altogether  the  question  of  expense,  is  some  simple  form  of 
cell,  of  which  the  constituents  can  be  easily  obtained  and  replaced ; 
from  which  no  injurious  fumes  can  arise  ;  which  shall  have  a  high 
electro-motive  force  and  a  low  internal  resistance,  and  be  fairly 
constant  withal.     This  is  apparently  an  unobtainable  desideratum. 

There  are  three  considerations  that  have  to  be  taken  into 
account  when  determining  what  kind  and  what  number  of  cells  it 
would  be  most  advisable  to  employ  for  any  particular  purpose — 
first,  the  relative  constancy  ;  secondly,  the  electro-motive  force ; 
and,  thirdly,  the  ratio  between  the  internal  resistance  of  the  cell 
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and  the  external  resistance  (or  the  resistance  of  the  connecting 
wires  and  apparatus).  It  will  have  been  gathered  that  there  is  in 
the  matter  of  electro-motive  force  and  constancy  considerable 
variation.  We  will  not  enter  here  into  the  matter  of  expense,  for 
in  the  end  that  which  is  the  best  cell  for  any  particular  purpose 
generally  proves  to  be  also  the  cheapest.  The  internal  resistance 
is,  however,  an  important  factor.  If  it  were  negligible,  it  would, 
for  example,  be  possible  to  maintain  a  current  of  one  ampere  by 
one  Daniell  cell  having  an  electromotive  force  of,  say,  one  volt 
working  through  an  external  resistance  of  one  ohm,  for  as    * 

E    ^,       I  volt 
c  =     ,  then  -    ,      =  I  ampere. 
R  I  ohm 

But  the  average  Daniell  cell  offers  four  ohms  resistance,  so  that 
the  current,  where  R  is  the  external  resistance  of  one  ohm,  and  r 
the  internal  resistance,  would  be 

E  I 

«_ —  -2  ampere : 

R  +  r       1+4 

and  if  we  were  to  attempt  to  increase  this  current  materially  by  the 
addition  of,  say,  nine  other  similar  cells,  we  should  fail,  for  then 

ICE  10  1 

--      -  = s=  -25  ampere  nearly. 

R  +  lor      1+40 

Similarly,  with  100  such  cells  through  this  unit  resistance— 

looE  100  1 

=  —   —    =  '25  ampere  nearly. 

R  +  loor      I  +  400 

We  see,  then,  that  increasing  the  number  of  cells  in  this  way, 
when  the  external  resistance  is  low,  produces  no  correspondingly 
good  effect,  for  the  simple  reason  that,  although  we  proportionally 
increase  the  electro-motive  force  by  so  doing,  we  at  the  same  rate 
increase  the  circuit  resistance.  As  a  matter  of  fact,  no  Daniell 
cell  or  battery,  unless  made  of  abnormal  dimensions,  can  possibly 
develop  a  current  of  one  ampere,  its  internal  resistance  being  too 
high. 

On  the  other  hand,  were  we  to  employ  Grove  cells  (which,  for 
simplicity,  we  will  assume  to  have  an  electro-motive  force  of  2  volts 
per  cell),  the  advantage  of  increasing  the  number  of  cells  on  a  low 
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resistance  circuit  soon  becomes  apparent.  For  example,  with  an 
external  resistance  of  i  ohm  and  an  internal  resistance  of  '2  ohm 
per  cell,  one  cell  would  give  us 

£  2 

-  —  = =  1*6  ampere. 

R  +  r      I  +  -2  ^ 

Two  such  cells  would  produce 

2E  4  o 

-  =    -"  -    =  2-85  amperes. 
R  +  2r      I  +  -4  ^       ^ 

And  three  cells 

— ^- —  =  ,  =  3*8  amperes  nearly. 

Similarly,  four  cells  would  give  4*4  amperes,  and  five  cells  would 
yield  5*0  amperes.     But  from  ten  cells  we  should  only  get 

IDE  20         , , 

= =  6-6  amperes. 

R  +  lor      1  +  2 

While  with  100  such  cells  the  current  would  be 
I ODE  200 


R  +  loor      1+20 


=  9*5  amperes, 


showing  again  that  as  the  internal  resistance  approaches  or  ex- 
ceeds the  external,  the  proportional  increase  of  the  current  is 
lessened.  When,  however,  the  external  resistance  is  relatively 
high,  say  1,000  ohms,  the  battery  resistance  becomes  propor- 
tionally low,  and,  therefore,  to  a  certain  extent,  negligible.  The 
current  from  one  Daniell  cell  would  be 

c  =  = =  -000006  ampere. 

R  +  r       1000  +  4  77  r 

With  ten  cells  we  should  get 

lOE  10  , 

=    -  =  00961  ampere, 

R  -f-  lor      1000  +  40 

or,  practically,  a  current  of  tenfold  strength. 

Similarly,  with  a  battery  of  100  cells,  we  should  get 

looE  100 

=  —  -  =  -0714  ampere. 

R  +  loor      1000  +  400 
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Again,  one  Grove  cell  would  give  through  1,000  ohms 

B  2 

c  = =s =  '002  ampere, 

R  +  r      1000  +  '2 

and  ten  cells  would  give 

loE     _^       20 

R  +  lor      1000  +  2 

From  100  cells  we  should  get — 

looE               200  , 
— —  .106  ampere. 

R  +  loor      1000  +  20 

With  either  the  Daniell  or  the  Grove  the  strength  of  the  current 
increases  in  almost  the  same  ratio  as  the  number  of  cells  when  the 
external  resistance  is  high.  But  as  the  Grove  is  vastly  inferior  to 
the  Daniell  in  constancy,  and  as  it  is  a  very  expensive  form  of 
battery,  the  deduction  is  that  Daniell  cells  should  be  used  for 
circuits  of  high  resistance,  compensating  for  their  lower  electro- 
motive force  by  a  corresponding  increase  in  numbers.  On  the 
other  hand,  the  Grove,  in  consequence  of  its  low  internal  resist- 
ance, is  better  adapted  for  circuits  of  low  resistance,  such  as  are 
frequently  met  with  in  experimental  work. 

The  internal  resistance,  however,  of  different  cells  of  any 
particular  type  varies  inversely  as  the  size  of  the  plates  (counting 
only  the  active  or  opposed  surfaces).  It  also  varies  directly  as  the 
distance  between  them  (making  due  allowance  for  the  resistance 
of  the  porous  pot,  which  would,  of  course,  have  a  constant  value 
unless  varied  in  size  or  thickness).  The  meaning  of  this  is  plain, 
for  ii  we  were  to  double  the  size  of  the  plates  we  should  halve  the 
resistance  and  proportionally  increase  the  current  strength. 

The  same  object  is  attained  by  joining  cells  in  'parallel.'  So 
far  we  have  only  considered  them  as  joined  in  series,  that  is  to 
say,  the  copper  of  one  cell  joined  to  the  zinc  of  the  next  and  so 
on.  Under  such  circumstances  the  electro-motive  force  of  the 
battery  is  equal  to  the  sum  of  the  electro-motive  forces  of  the 
various  cells.  If  the  coppers  of  two  cells  are  joined  together,  and 
likewise  the  zincs,  and  the  two  junction  wires  connected  to  the 
external  circuit,  a  current  will,  be  developed  by  an  electro-motive 
force  equal  to  that  of  one  cell,  the  joint  resistance  of  the  two  equal 
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cells  being  half  that  of  one  of  them  used  separately.    The  arrange- 
ment is,  in  fact,  equivalent  to  doubling  the  size  of  the  plates. 

This  will,  perhaps,  be  made  clearer  by  a  reference  to  the 
diagrams,  figs.  31,  32,  and  33.     Fig.  31  represents  a  battery  of 

Fig.  31. 


three  cells  joined  in  series,  the  short  thick  strokes  representing  the 
zinc  or  positive  plates,  and  the  long  thin  ones  the  copper  or  nega- 

Fic.  32. 

zjlc 


tive  plates.     Fig.  32  shows  two  cells  joined  up  in  parallel.    If  they 
are  both  of  exactly  the  same  electro-motive  force,  no  current  can 

Fic.  33. 


flow  from  c  to  c  or  from  z  to  z,  but  on  joining  the  external  wires 
A  and  B  together,  a  current  would  be  generated  by  each  cell  and 
pass  through  the  external  circuit  from  b  to  a.  As  already  stated, 
the  joint  resistance  of  these  two  cells  would  be  half  that  of  one  of 
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them,  and  with  a  low  external  resistance  the  current  strength 
would  be  increased  proportionally.  In  fig.  t^Z  are  shown  sixteen 
cells  divided  into  four  sets  of  four  cells  each,  the  sets  being  joined 
up  in  parallel.  On  completing  the  external  circuit  a  current  will 
flow,  due  to  an  electro-motive  force  equal  to  that  of  four  cells, 
but  the  battery  resistance  will  be  only  one-fourth  of  that  of  four 
cells. 

The  joint  resistance  of  any  number  of  parallel  batteries  is 

equal  to  ^-,  where  r  is  the  resistance  per  cell,  s  the  number  of 

B 

such  cells  joined  up  in  series  in  each  individual  battery,  and  b 
the  number  of  such  batteries  joined  together  in  parallel.  This  is 
simply  an  application  of  the  law  that  with  a  number  of  conductors, 
N,  of  uniform  resistance,  R,  joined  together  in  parallel,  their  joint 

resistance  is  equal  to    .     For  rs  is  the  total  resistance  of  each 

of  the  batteries  joined  together  in  parallel.  This  arrangement 
is  sometimes  very  advantageous ;  for  example,  if  sixteen  Daniell 
cells,  each  of  i  volt  electro-motive  force  and  4  ohms  internal 
resistance,  are  employed  in  series  for  a  circuijt  of  4  ohms  external 
resistance,  the  current  will  be 

ir^f.\  =  '^^5  ampere       .         .         (i). 
4  -h  04 

By  dividing  the  cells  into  two  sets  of  eight  cells  each  and  joining 
these  in  parallel,  the  current  is  increased,  thus 

8  ,  . 

— -  =s  -400  ampere  .         (2). 

On  rearranging  the  cells,  as  shown  in  fig.  33,  the  current  becomes 

— y     s= -500  ampere       .         .         (3). 
4  +  4 

Pursuing  this  plan  any  further,  however,  results  in  a  diminution  of 
the  current,  because  the  gain  in  reduced  resistance  is  overbalanced 
by  the  loss  in  electromotive  force ;  for  example,  if  eight  sets  of 
two  cells  each  are  joined  in  parallel,  we  get 

— ?_  s=  -400  ampere  .         (4). 
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While  with  the  whole  of  the  sixteen  cells  joined  in  parallel  we  get 
only    . 

'—-= -235  ampere      .        .        (5). 
4+25 

With  circuits  of  comparatively  low  external  resistance  there  is, 

therefore,  a  best  possible  arrangement  of  the  cells  to  give  the 

strongest  possible  current,  and  with  any  given  number  of  cells 

this  arrangement  is  arrived  at  when  the  internal  resistance  is  equal 

rs 
to  the  external  resistance  r,  or  when  r  =     . 

B 

Such  an  arrangement  is  not,  however,  economical ;  nor,  indeed, 
is  any  arrangement,  unless  the  external  resistance  is  considerably 
in  excess  of  the  internal.  As  has  been  already  stated,  the  strength 
of  the  current  is  the  same  in  all  parts  of  the  circuit,  consequently 
in  (i)  sixteen  times  as  much  zinc,  &c.,  is  consumed  in  the  sixteen 
cells  as  would  be  consumed  in  a  single  cell  capable  of  maintaining 
an  equal  current.  In  (3),  however,  each  set  of  four  cells  must  be 
considered  as  a  separate  or  branch  circuit,  and  only  one-fourth  of 
the  current  flowing  in  the  external  circuit  would  flow  through  each 
of  these  separate  sets.  The  external  current  is  approximately 
twice  as  strong  as  in  ( i ).  Therefore  the  individual  current  in  each 
cell  and  the  consequent  consumption  of  zinc  is  only  half  as  great. 
In  (5),  where  there  are  sixteen  cells  in  parallel,  a  current  is  pro- 
duced equal  to  that  resulting  from  a  battery  of  sixteen  cells  in 
series,  but,  the  cells  being  joined  up  in  parallel,  only  one-sixteenth 
of  this  current  flows  through  each  cell,  so  that  the  total  consump- 
tion of  zinc  in  the  sixteen  cells  is  equal  to  that  in  but  a  single  cell 
in  (i),  clearly  demonstrating  the  advantage,  from  an  economical 
point  of  view,  of  using  batteries  much  lower  in  i*esistance  than  the 
wire  or  apparatus  through  which  the  current  has  to  flow. 

One  important  feature  concerning  the  proportion  between 
the  electro -motive  force  of  the  battery  and  the  difference  of 
potential  it  can  maintain  in  any  given  external  circuit  requires 
careful  consideration,  for  it  is  a  feature  that  is  frequently  lost  sight 
of  It  was  pointed  out  in  Chapter  II.  that  in  any  given  circuit 
the  fall  of  potential  varies  directly  as  the  resistance,  so  that  in  (i), 
where  the  internal  bears  to  the  external  resistance  the  proportion 
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of  i6  to  I,  only  one-seventeenth  of  the  i6  volts  developed  by  the 
battery  is  available  in  the  external  circuit,  the  remaining  sixteen- 
seventeenths  being  absorbed  in  overcoming  the  resistance  of  the 
battery.  In  (3)  the  resistances  outside  the  battery  being  equal  to 
that  inside,  the  electro-motive  force  of  4  volts  developed  is  halved, 
2  volts  being  available  for  the  external  circuit.  Similarly  in  (5) 
the  available  electro-motive  force  for  the  external  circuit  is  sixteen- 
seventeenths  of  a  volt  (the  gross  electro-motive  force  developed 
being  i  volt),  or  equal  to  that  produced  by  the  sixteen  cells  joined 
up  in  series,  as  in  (i),  where,  as  already  shown,  the  consumption 
of  materials  is  sixteen  times  as  great ;  and,  speaking  generally,  we 
may  say  that 

R  +  r 

Where  e  is  the  electro-motive  force  developed  by  the  battery,  r  is 
the  external  resistance,  r  is  the  internal  resistance,  and  p  the 
available  potential  difference  at  the  terminals  of  the  battery.  For 
example,  with  a  battery,  as  in  (4),  whose  internal  resistance  is 
I  ohm  working  through  an  external  resistance  of  4  ohms,  and 
having  an  electro-motive  force  of  2  volts,  the  available  potential 
difference  will  be 

p  =s  2—^ —  =  1*6  volt. 
4+1 

The  available  potential  difference  can  also  be  ascertained  in 
another  way  which  does  not  involve  the  necessity  for  ascertaining 

the  external  resistance.     Ohm's  law  declares  c  =      or,  e  =  cr. 

R 

And  this  is  true  either  of  a  complete  circuit  or  simply  of  a  part  of 
a  circuit.  If,  for  instance,  in  a  circuit  of  known  or  of  unknown 
total  resistance  the  current  strength  is  found  to  be,  say,  i  -5  ampere, 
and  that  a  portion  of  the  circuit  offers  a  resistance  of  3  ohms, 
then  the  fall  of  potential,  or  the  electro-motive  force  absorbed,  in 
that  portion  of  the  circuit  will  be 

E  =  OR  =  i'5  X  3  =  4*5  volts. 

If  the  known  resistance  is  that  of  the  battery  (r),  it  follows  that  4*5 
volts  wiU  be  the  electro-motive  force  absorbed  by  the  battery,  and 
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if  that  is  deducted  from  the  total  electro-motive  force  developed 
(say,  20  volts),  the  remainder  will  be  the  available  potential 
difference  for  the  external  circuit,  or 

p  =  E  —  or  =  20  —  (1-5  X  3)  =  15*5  volts. 

Occasion  sometimes  arises  for  substituting  one  form  of  battery 
for  another  without  making  any  appreciable  change  in  the  current 
strength.  If  the  internal  resistance  were  negligible,  this  would,  of 
course,  be  a  matter  of  no  difficulty  ;  but  even  when  it  is  requisite 
to  make  allowance  for  the  battery  resistance,  a  simple  formula  can 
be  employed  to  ascertain  the  number  of  cells  necessary  to  develop 
a  given  current  strength.  For  example,  suppose  that  a  battery  of 
100  cells,  with  an  electro-motive  force  of  i  volt  and  an  internal 
resistance  of  4  ohms  per  cell,  sends  a  current  through  an  external 
resistance  of  400  ohms,  then  the  current  will  be 

I ODE  100 

= —    =  '125  ampere. 

loor  +  R      400  +  40O 

Substituting  some  other  form  of  battery  with  an  electro-motive 
force  of  2  volts  and  an  internal  resistance  of  i  ohm,  and  letting 
n  be  the  number  of  such  cells  necessary  to  develop  0*125  ampere, 
then 


n  > 

«~X  I 

<  2                                   I 

—   -  =  -125  =  -  ampere, 
-f-  400           ^      8      *^      ' 

that  is  to  say. 

2«         _  I 

n  +  400""  8' 

or, 

i6n  =  «  +  400 
i5«  =  400 

15 

Twenty-seven 

of  these 

2 -volt  cells  would  maintain  in 

the 

circuit 

a 

current  of 

27E 

—  = ^^  ~~  =  -126  ampere. 

2'jr  -H  400     27  +  400 

Twenty-six   cells  would  be  insufficient  for  the  purpose.      This 
formula  also  possesses  the  advantage  of  providing  the  same  poten- 
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rial  difference  at  the  terminals  of  the  battery,  as  well  as  that  of 
furnishing  the  number  of  cells  necessary  to  develop  an  equally 
strong  current. 

The  student  should  make  every  effort  to  master  these  simple 
calculations  and  the  principles  involved,  and  he  will  then  be  in  a 
position  to  readily  understand  almost  any  similar  problem  which 
may  present  itself  in  connection  with  dynamo  machines  and  the 
complex  circuits  upon  which  they  are  usually  employed. 
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CHAPTER   IV. 

MEASUREMENT   OF  CURRENT  STRENGTH 

Having  in  the  preceding  chapters  shown  how  a  current  of  elec- 
tricity can  be  generated  and  maintained,  and  having  also  explained 
the  various  units  by  which  we  can  measure  that  current,  as  well 
as  the  resistance,  and  the  pressure  or  electro-motive  force  which 
maintains  the  current,  it  behoves  us  now  to  turn  our  attention  to  the 
methods  of  making  such  measurements,  and  to  the  consideration 
of  the  laws  involved.  In  order  to  make  the  student's  progress  at 
this  difficult  stage  as  easy  as  possible,  we  will  approach  the  subject 
experimentally. 

If  a  wire,  a  b  (fig.  34),  carrying  a  current  is  brought   near 
another  wire,  c  d,  also  carrying  a  current,  it  is  found  that  there  is 

Fig.  34. 


a  decided  action  between  the  two  wires.  If  the  currents  are  flow- 
ing in  the  same  direction,  as  shown  by  the  arrow-heads  in  fig.  34, 
the  wires  are  attracted  one  to  the  other.  On  the  other  hand,  if 
the  currents  travel  in  opposite  directions,  as  in  fig.  35,  repulsion 
ensues. 

Fig.  35. 


The  force  of  this  attraction  or  repulsion  depends,  among  other 
considerations,  upon  the  strength  of  the  current.     It  would  be 
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possible,  therefore,  to  take  advantage  of  this  effect  as  affording  a 
means  of  estimating  or  measuring  current  strength,  and  a  device 
for  so  doing  will  be  described  presently. 

Now  it  is  impossible  for  any  action  to  take  place  between  the 
two  wires  without  the  aid  of  some  intervening  medium  to  transmit 
the  force.  This  medium  is  the  same  as  that  which  transmits  the 
electrical  stresses  in  the  other  or  static  state  of  electricity,  that 
state  in  which  a  body  affected  by  it  is  said  to  be  electrified  or 

Fig.  36. 


charged  with  electricity,  and  is,  in  all  probability,  the  light-carry- 
ing ether. 

Although  it  is  difficult  to  understand  the  precise  action  in  this 
case,  it  is  easy  to  show  experimentally  the  direction  in  which  the 
force  acts. 

If  we  thread  a  wire  through  a  piece  of  cardboard,  send  a  strong 
current  through  the  wire,  and  then  sprinkle  iron  filings  on  the 
cardboard,  they  will  arrange  themselves  in  concentric  circles  round 
the  wire  as  shown  in  fig.  36.  This  arrangement  is  caused  solely 
by  the  current  and  may  be  observed  at  any  part  of  the  wire.     The 
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lines  thus  marked  out,  which  show  the  direction  in  which  the  force 
due  to  the  current  acts  upon  the  filings,  are  called  *  lines  of  force.' 
As  in  the  case  of  the  imaginary  lines  considered  in  Chapter  I., 
it  is  necessary  to  assume  for  these  lines  also  a  certain  direction.  That 
direction  along  a  line  of  force,  indicated  by  the  arrows  in  fig.  37, 
is  called  the  *  positive '  direction.  The  direction  can  be  impressed 
upon  the  memory  by  thinking  of  the  act  of  using  a  corkscrew.  If 
the  longitudinal  direction  of  the  screw,  either  into  or  out  of  the 
cork,  be  taken  to  represent  the  direction  of  the  current,  then  the 
positive  direction  of  the  lines  of  force  will  be  that  in  which  the 
Fic.  37.  handle  rotates,  so  that  if  in  fig.  37  the  down- 

ward direction  of  the  current  were  reversed, 
the  positive  direction  of  the  lines  of  force 
would  be  in  the  opposite  direction  to  that  indi- 
cated by  the  arrow-heads.  The  space  around 
^  the  wire  in  which  the  effect  of  the  current  is 
'■\  perceptible  is  called  an  *  electro -magnetic  field,' 
and  it  is  important  to  remember  that  the 
strength  of  this  field  is  exactly  proportional  to 
the  strength  of  the  current  producing  it.  It 
extends  from  the  axis  of  the  wire  as  a  centre 
throughout  the  surrounding  space,  but  as  the 
distance  from  the  wire  increases,  the  effect  is 
weakened  until  it  at  last  becomes  so  feeble  as 
to  be  imperceptible.  The  lines  of  force  traversing  this  field  obey 
precisely  the  same  laws  as  those  laid  down  for  the  lines  due  to  a 
static  charge,  and  the  interaction  between  two  sets  of  lines  of  force 
can  always  be  predicted  by  remembering  that  their  universal  ten- 
dency is  to  coincide  in  direction  and  to  shorten  themselves. 

Reverting  to  the  experiment  with  the  two  wires  carrying  the 
currents,  it  may  be  said  that  the  force  exerted  between  them  always 
tends  to  move  them  so  that  they  shall  take  up  such  a  position 
that  the  currents  flow  in  the  same  common  direction  (as  in  fig.  34) 
and  that  the  wires  as  nearly  as  possible  coincide.  To  prove  this, 
it  is  necessary  to  allow  at  least  one  of  the  wires  to  be  capable  of 
moving  freely  and  with  as  little  restraint  or  friction  as  possible. 
This  can  be  done  by  means  of  a  simple  device  for  constructing  a 
movable  or  floating  battery  cell.     Let  a  cork  be  fitted  to  a  small 
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Fig.  38. 


glass  beaker  partly  filled  with  dilute  sulphuric  acid,  and  through 
the  cork  pass  wires  carrying  thin  strips  of  zinc  and  copper  or  silver, 
completing  the  circuit  externally  by  means  of  a  stiff  but  not  too 
heavy  piece  of  wire,  as  shown  in  fig.  38.  The  small  beaker  cell 
can  then  be  placed  in  a  larger 
beaker,  or  any  other  con- 
venient vessel  full  of  water, 
and,  unless  too  much  acid 
solution  has  been  placed  in 
the  smaller  beaker  or  the  solid 
portions  are  made  unneces- 
sarily heavy,  the  cell  will  float 
readily  upon  the  water.  If  a 
wire  carrying  a  strong  current 
is  placed  parallel  to  the  straight 
part  of  the  wire,  a  d,  so  that 
the  currents  flow  in  opposite  directions,  the  wire  a  b  will  be  repelled, 
and,  the  cell  floating  away,  will  turn  completely  round  so  that 
the  currents  flow  in  the  same  direction  ;  it  will  then  be  attracted 
until  a  b  lies  as  near  as  possible  to  the  other  wire. 

These  effects  may  be  increased  by  in- 
creasing the  length  of  the  wires,  because 
then  a  greater  number  of  lines  of  force 
are  brought  into  play,  but  very  long 
straight  wires  would  be  cumbersome  and, 
in  fact,  impracticable.  It  is,  therefore, 
more  convenient  to  coil  them  up  into  flat 
spirals  (fig.  39),  covering  the  wire  with  1 

silk,  cotton,  or  some  insulating  material, 
to  prevent  adjacent  convolutions  getting 
into  contact.     The  effect  between   the 
'  spirals  will  be  similar   to  that  between 

the  same  two  wires  straightened  out.  For  many  purposes,  how- 
ever, it  is  preferable  to  coil  the  wire  into  a  long  spiral  or  helix. 
In  fig.  40  one  of  the  helices,  a  b,  is  floated  in  a  manner  similar 
to  that  adopted  in  fig.  38,  the  other  helix,  a  b.^  being  placed  near  it. 
The  action  between  two  such  helices  is  very  decided,  and,  being 
of  exactly  the  same  character  as  that  between  the  straight  wires  or 


Fig.  39. 
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flat  spirals,  may  be  predicted  by  remembering  the  laws  we  have 
just  stated. 

If  the  currents  are  flowing  in  opposite  directions  round  adja- 
cent ends  of  the  spirals  or  helices,  repulsion  will  take  place,  and 
the  floating  helix,  moving  more  easily  than  the  other,  will  recede, 
and,  turning  completely  round  on  its  vertical  axis,  will  approach 
with  its  opposite  end  to  the  fixed  spiral,  as  in  fig.  40.  The  cur- 
rents will  then  be  flowing  in  the  same  direction,  and  the  floating 
helix  being  comparatively  large  and  its  movements  not  restricted, 
it  will  not  come  to  rest  until  it  has  threaded  itself  on  to  or  over 
the  other  spiral.  Such  a  spiral  or  helix  of  wire  acts  as  if  the  force 
resided  at  its  extremities  (which  are  termed  *  poles  *),  and  this  form 
of  spiral  is  called  a  solenoid. 

Now  the  strength  of  an  electro-magnetic  field  may  be  measured 
by  the  density  of  its  lines  of  force  or  the  number  contained  in  a 


given  area.  From  the  experiment  shown  in  fig.  36,  it  is  clear  that 
the  lines  are  much  denser  near  the  wire  than  at  a  distance  from  it 
This  is  also  the  case  when  the  wire  is  coiled  up  into  a  helix.  The 
greater  part  of  them  there  form  little  circles,  closely  embracing  the 
wire  from  which  they  are  generated,  and  comparatively  few  of 
these  circles  of  force  pass  through  the  space  at  the  ends  or  poles 
of  the  solenoid,  where,  if  we  consider  the  action  of  the  helix  as  a 
whole,  the  force,  generally  speaking,  appears  to  be  concentrated. 
It  will  be  evident  that  if  we  can  by  any  means  divert  the  circles 
of  force  so  as  to  compel  more  of  them  to  pass  through  the  ends  of 
the  solenoid,  then  its  effective  strength  will  be  greatly  increased. 

Experiment  has  demonstrated  that  iron  offers  a  far  easier  path 
for  these  lines  of  force  than  the  air  does — so  much  easier,  in  fiact, 
that  they  will  alter  their  circular  shape  and  extend  a  considerable 
distance  from  their  respective  portions  of  the  wire  in  order  to  pass 
through  a  piece  of  iron.     This  affords  us  a  ready  means  of  leading 


Digitized 


by  Google 


CBAP.  IT.  Iron  in  a  Solenoid  89 

the  lines  to,  and  concentrating  them  at  almost  any  point  we  please. 
It  may  be  mentioned  that  the  relative  facility  with  which  the 
lines  of  force  are  propagated  by  good  soft  iron,  or  the  electro- 
magnetic conductivity  of  the  iron  as  compared  with  that  of  air, 
may  under  exceptional  circumstances  be  as  high  as  2,000  to  i. 

If,  then,  we  place  a  bar  of  iron  inside  a  solenoid,  a  large  per- 
centage of  the  lines  of  force  lose  their  circular  form,  and,  passing 
through  this  iron  *  core '  (as  it  is  called),  they  leave  it  at  its  ends 

Fic.  41. 


to  complete  their  excursion  round  the  wire  from  which  they  were 
generated.  An  example  of  this  action  of  iron  is  shown  in  fig.  41,* 
which  illustrates  the  field  developed  by  a  powerful  current  travel- 
ling through  a  solenoid  of  a  few  turns,  having  a  core  of  compara- 
tively small  dimensions.  Were  a  larger  and  more  massive  core  to 
be  introduced,  even  more  of  the  lines  of  force  would  extend 

'  We  are  indebted  to  the  proprietors  of  Engineering  for  permission  to  re- 
produce figs,  41  to  44. 
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themselves  through  the  iron  instead  of  circulating  in  the  immediate 
vicinity  of  the  wife. 

By  the  introduction  of  these  iron  cores  the  strength  of  the 
action  between  two  solenoids  is  enormously  increased,  and  a  still 
further  increase  can  be  obtained  by  so  shaping  the  iron  that  the 
greatest  possible  facilities  are  offered  for  the  lines  of  force  set  up 
by  the  one  solenoid  to  traverse  the  space  occupied  by  the  majority 
of  those  due  to  the  other.     The  designing  of  the  shape  and 
dimensions  of  an  iron  core  often  becomes  an  extremely  important 
matter,   as,   for  example,   in   the  case  of  the  dynamo  electric 
machines  hereafter  to  be  described,  in  which  it  is  necessary  to 
concentrate  an  exceedingly  powerful  field  in  such  a  manner  that 
it  shall  be  approximately  uniform  over  a  comparatively   large 
space.     In  such  cases  the  iron  cores  may  be  more  than  a  ton  in 
weight,  and  they  are  not  only  expensive  to  construct,  but  a  con- 
siderable expenditure  of  energy  is  also  required  to  keep   them 
magnetised.     There  is,  therefore,  great  scope  for  effecting  economy 
by  making  the  design  such  that  the  cores  may  be  cheaply  con- 
structed and  yet  act  efficiently.     The  student  will  do  well  in  such 
cases  to  always  endeavour  to  think  of  the  iron  as  simply  affording 
a  means  of  diverting  the  lines  of  force  set  up  by  the  current  into 
just  that  part  of  the  field  where  they  are  required  to  act.     The 
precise  effect  on  the  iron  itself  is,  to  a  great  extent,  still  a  matter 
for  speculation,  but  it  must  be  remembered  that  the  only  way  of 
actually  increasing  the  number  of  the  lines  of  force   setting  up 
the  field  is  by  either  increasing  the  current  itself,  or  by  increasing 
the  length  of  the  wire  and  adding  to  the  electro-motive  force  suffi- 
ciently to  maintain  the  same  current  strength. 

The  amount  of  attraction  or  repulsion  exhibited  by  the 
solenoids  furnished  with  their  iron  cores  might  be  used  as  a 
means  of  measuring  current  strength,  but  the  arrangement  is  not 
a  convenient  one,  owing  chiefly  to  the  difficulty  in  obtaining  per- 
fect freedom  of  motion,  the  liability  of  variation  in  the  current 
strength,  and  the  varying  properties  of  the  iron. 

Were  it  not  for  these  disadvantages  we  could  keep  the  electro- 
magnetic force  of  one  of  the  solenoids  constant,  and  send  the 
currents  to  be  compared  and  measured  through  the  other.  But 
here  Nature  comes  in  to  aid  us,  for  it  is  found  that  if  a  piece  of 
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hard  iron  or  steel  is  used  as  a  core  for  the  solenoid,  it  retains 
more  or  less  permanently  a  large  portion  of  the  electro-magnetic 
properties  originally  produced  by  the  current.  The  power  or 
ability  of  retaining  such  effects  or  properties  is  known  as  the 
*  retentivity'  of  the  iron  or  steel,  and  depends  entirely  upon  its 
chemical  composition  and  mechanical  or  molecular  structure. 
This  retentivity  is  the  same  property  as  that  hitherto  known  as 
'coercive  force,'  which  was  certainly  a  misnomer.  If  retentivity 
corresponds  to  anything  at  all,  it  is  to  inertia  rather  than  to  any- 
thing that  can  fairly  be  described  as  coercive.  The  similarity  to 
mechanical  inertia  is  seen  in  the  fact  that  those  samples  which 
transmit  the  lines  of  force  freely,  retain  scarcely  any  of  the  in- 
fluences producible  by  them,  while,  on  the  other  hand,  hard  iron 
and  steel,  which  resist  the  propagation  of  the  lines  of  force,  resist 

Fig.  43. 


equally  well  the  vanishing  of  these  lines  after  the  cessation  of  the 
current  which  called  them  into  existence. 

A  piece  of  iron  or  steel  which  acquires  and  so  retains  the 
power  of  acting  as  a  solenoid,  is  called  a  permanent  magnet,  or 
simply  a  magnet,  and  its  extremities  are  also  called  poles.  The 
lines  of  force  still  enter  and  leave  the  steel  as  they  did  before  it 
was  removed  from  the  helix,  the  direction  being  shown  in  fig  42. 
The  end,  s,  at  which  they  enter  is  called  the  south-seeking  pole  of 
the  magnet,  and  the  other  its  north-seeking  pole. 

The  actual  arrangement  imparted  to  iron  filings  sprinkled  on  a 
sheet  of  paper  placed  over  a  permanent  steel  magnet  is  beautifully 
illustrated  in  fig.  43.  Such  a  distribution  of  the  filings  would  take 
place  in  any  plane  parallel  to  the  axis  of  the  magnet,  for  the  lines 
of  force  radiate  from  the  poles  similarly  in  all  directions.     The 
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distribution  observed  when  the  paper  is  placed  on  the  end  of  the 
magnet  and  at  right  angles  to  its  axis  is  shown  in  fig.  44. 

If  we  know  the  direction  in  which  the  current  passes  round  a 
piece  of  iron  or  steel,  it  is  easy  to  predict  the  direction  of  its 
polarity ;  for  if  we  look  at  the  end  of  the  bar,  and  the  current  is 
then  flowing  round  it  in  a  right-handed  direction,  as  in  fig.  45, 
that  end  will  be  a  south-seeking  pole  ;  but  if  the  current  flow  in 
a  left-handed  direction,  as  in  fig.  46,  that  end  will  be  a  north- 
seeking  pole. 

Fic.  43. 


It  is  the  practice  to  enter  into  a  detailed  description  of  the 
difference  between  right-  and  left-handed  helices  with  a  view  to 
facilitating  a  recollection  of  the  electromagnetic  polarity.  I'hus 
a  left-handed  helix  (fig.  47)  is  one  in  which,  from  whichever  end 
the  current  enters,  it  will  travel  in  the  opposite  direction  to  that 
taken  by  the  hands  of  a  clock,  and  will  develop  north-seeking 
polarity  at  the  end  at  which  it  enters  and  south -seeking  polarity 
at  the  end  of  emergence.  Conversely,  a  right-handed  helix  (fig. 
48)  is  one  in  which   the  current  will  travel  round  in  the  same 
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direction  as  the  clock-hands.     In  this,  the  entering  end  becomes 
a  south  pole  and  the  other  a  north  pole.    But  all  this  is  super- 


FiG.  44. 


Fig.  45. 


Fig.  46. 


Fig.  47- 
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fluous.    It  is  sufficient  to  regard  the  cause  and  effect  in  the  way 
indicated  in  the  preceding  paragraph. 
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It  is  noteworthy  that  two  magnets  act  one  upon  the  other  in 
precisely  the  same  manner  as  two  helices  or  a  helix  and  a  magnet, 
for  in  every  case  the  movement  or  motion  imparted  is  such  as 
will  tend  to  make  the  h'nes  of  force  coincide.  Thus,  if  one 
magnet,  a  (fig.  49),  is  brought  near  another,  b,  which  is  suspended 

Fig.  48. 


by  a  thread  or  pivoted  on  a  needle-point  at  c,  so  that  it  can  turn 
freely  about  its  centre,  the  force  exerted  between  them  will  en- 
deavour to  make  the  suspended  magnet  take  up  such  a  position 
as  to  allow  the  lines  of  force  due  to  both  magnets  to  pass  through 
them  in  the  same  direction.     This  will  happen  when  the  magnets 

Fig.  49. 


are  in  line  and  when  their  opposite  poles  are  adjacent,  as  shown  in 
fig.  49.  In  other  words,  there  will  be  repulsion  between  similar 
magnetic  poles  and  attraction  between  dissimilar  ones. 

If,  however,  both   magnets  are  allowed  perfect  freedom  of 
motion,  their  ultimate  position  will  be  that  shown  in  fig.  50,  the 


Fio.  50. 
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magnets  then  lying  side  by  side  with  their  dissimilar  poles  adjacent. 
In  this  position  the  coincidence  of  the  lines  of  force  is  at  a  maxi- 
mum, that  is,  the  lines  due  to  each  magnet  turn  round  at  the  ends 
and  pass  through  the  other,  and  in  so  doing  assume  the  easiest 
path  for  their  completion.  If  pieces  of  soft  iron,  called  armatures 
or  keepers,  were  placed  across  the  extremities  of  the  magnets,  the 
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circuit  of  the  lines  of  force  would  be  continued  through  them  to 
such  an  extent  that  few  or  none  of  the  lines  would  traverse  the  air. 
These  armatures,  are,  however,  rarely  made  properly,  their  mass 
being  far  too  small,  and  their  shape  far  from  the  best  possible  ;  but 
this  point  we  will  deal  with  more  fully  in  Chapter  VII. 

The  strength  of  a  magnet  pole  can  be  estimated  by  measuring 
the  force  with  which  it  attracts  or  repels  another  pole,  the  force 
being  equal  to  the  product  of  the  two  polar  strengths  ;  or,  if  m 
represents  the  strength  of  one  pole,  and  m,  the  strength  of  the 
other,  similarly  magnetised,  the  force  of  their  repulsion  will  be 
M  X  M,.  This  force  of  repulsion  is  not,  however,  the  same  at  all 
distances,  but  varies  inversely  as  the  square  of  the  distance,  so 
that  we  might  express  the  force/  between  two  magnet  poles,  by 
the  simple  formula, 

>._  M  X  Ml 
/ ^2     ' 

where  d  equals  the  distance  in  centimetres  between  the  poles. 
Since  we  cannot  possibly  obtain  a  single  isolated  pole,  it  is,  when 
endeavouring  to  verify  this  statement  by  experiment,  important 
to  bear  in  mind  that  the  distance  between  the  two  poles  of  each 
magnet  should  be  as  great  as  possible — or,  in  other  words,  that 
the  m^^et  should  be  as  long  as  possible — to  minimise  the  error 
that  would  be  produced  by  the  ever-present  tendency  of  the 
remote  poles  to  act  contrariwise  to  the  adjacent  ones. 

We  have  already  defined  the  dyne  as  the  unit  of  force,  and  the 
magnet  pole  of  unit  strength  is  such  a  one  that  if  placed  at  a  dis- 
tance of  one  centimetre  from  a  similar  and  equal  pole,  it  will  repel 
it  with  a  force  of  one  dyne.  Consequently,  the  strength  at  any 
point  in  any  field  can  be  determined  by  measuring,  in  dynes,  the 
repulsion  at  that  point  of  a  magnet  pole  of  unit  strength.  In 
every  case,  then,  the  force  acting  upon  a  magnet  pole  is  found  by 
multiplying  the  strength  of  the  pole  by  the  strength  or  intensity  of 
the  field  in  which  it  is  placed.  In  order  to  numerically  compare 
the  strengths  of  magnetic  fields  by  the  relative  densities  of  the  lines 
of  force,  it  is  assumed  that  a  field  of  unit  strength  contains  one 
line  of  force  per  square  centimetre. 

The  earth  itself  is  practically  a  huge  misshapen  or  irregular 
magnet,  and  behaves  as  such,  acting  as  if  its  poles  were  situated 


Digitized 


by  Google 


g6  Electrical  Engineering  chap.  it. 

relatively  near,  but  actually  at  some  distance  from,  the  geographi- 
cal poles.  If  a  magnet  needle  were  suspended  so  that  it  could 
turn  freely  in  a  vertical  plane,  it  would,  with  a  plane  of  rotation 
east  and  west,  point  with  its  north  pole  vertically  downwards  ;  but 
if  the  plane  of  rotation  were  north  and  south,  the  needle  would, 
in  London,  come  to  rest  with  the  north-seeking  pole  dipping 
downwards,  and  making  an  angle— known  as  the  angle  of  inclina- 
tion or  dip— of  about  67^**  with  the  horizon.  If  a  second  magnetic 
needle  were  suspended  or  balanced  on  a  pivot  in  a  horizontal  plane, 
it  would  set  itself  approximately  north  and  south,  the  north- 
seeking  pole  pointing  to  the  north  magnetic  pole  of  the  earth. 
The  axis  of  the  magnet— that  is,  the  straight  line  joining  its  two 
poles— would  actually  make  an  angle— known  as  the  angle  of 
Fig  51  declination— of  about  i8^  with  the  geographical 

meridian  passing  through  its  centre.  It  will  be 
observed  that  there  is  here  a  case  of  attraction 
between  the  north  pole  of  the  earth  and  the  north- 
seeking  pole  of  the  magnet ;  but  this  is  no  contra- 
diction of  the  law  that  similar  poles  repel  and 
dissimilar  attract,  inasmuch  as  the  magnetic  pro- 
perties of  the  north  pole  of  the  earth  are  in  all 
respects  the  same  as  those  of  the  south- seeking 
pole  of  a  magnet.  The  earth's  total  magnetic  force 
can  be  resolved  into  two  components  at  right  angles  to  each 
other,  one  acting  in  a  vertical  direction,  tending  to  depress  the 
north-seeking  pole  of  the  needle,  the  other  acting  in  a  horizontal 
direction  and  striving  to  make  it  point  north  and  south.  Their 
relative  values  may  be  found  by  the  familiar  parallelogram  of 
forces  (see  fig.  51).  The  line  a  b  is  drawn  making  an  angle  6  with 
the  horizontal  equal  to  the  angle  of  inclination,  and  the  right- 
angled  parallelogram  which  has  a  b  for  a  diagonal  completed  with 
its  sides  horizontal  and  vertical.  Then,  if  a  b  represents  in  length 
the  magnitude  of  the  total  magnetic  force,  a  c  and  a  d  will 
be  proportional  to  the  horizontal  and  vertical  components  re- 
spectively. 

When  the  magnet  is  so  balanced  that  it  can  only  move  in  a 
horizontal  plane,  then  a  large  proportion  of  the  force — viz.  the 
vertical  component— is  simply  exerted  in'pressing  the  magnet  on 
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its  support.  The  remainder,  or  the  horizontal  component  only,  is 
efifective  in  making  the  magnet  point  towards  the  magnetic  north 
and  south.  On  the  other  hand,  when  the  plane  of  a  dipping 
needle  is  at  right  angles  to  the  magnetic  meridian,  or  to  the  direc- 
tion of  the  earth's  lines  of  force,  the  vertical  component  only  is 
active,  and  the  magnet  points  vertically  downwards,  the  horizontal 
component  spending  its  force  in  pressing  the  pivots  against  their 
bearings,  vainly  striving  to  urge  the  needle  round  into  the  direc- 
tion of  the  dip.  When  the  plane  of  the  needle  is  parallel  to  the 
magnetic  meridian  the  total  force  can  then  be  exerted  upon  it, 
the  lines  of  force  due  to  the  earth's  magnetism  then  being  able  to 
coincide  exactly  with  those  of  the  needle.  A  horizontally  balanced 
magnetic  needle  is  useful  in  pointing  out  the  direction  of  the 
north  and  south  magnetic  poles  of  the  earth. 

In  consequence  of  the  immensity  of  the  earth  as  a  magnet,  its 
magnetic  field  is  practically  uniform  over  any  small  space — that  is, 
its  lines  of  force  are  parallel  and  Fig.  52. 

equidistant  It  follows,  therefore,  c  >^ 
that  the  poles  of  a  needle  floating 
on  water  are  attracted  or  repelled 
with  equal  force  in  any  position,  a 
and  as  a  consequence  of  this,  the 
needle  does  not  move  bodily  to- 
wards the  north  pole  of  the  earth, 

but  is  simply  directed  so  as  to  ^^ 

point  north  and  south.  We  may  here  consider  the  well-known 
law  in  mechanics  that  when  two  equal  forces,  parallel  but  opposite  in 
direction,  act  at  the  ends  of  a  rigid  bar,  they  tend  to  turn  it  round 
upon  its  centre.  The  turning  effect  is  greatest  when  the  forces 
act  at  right  angles  to  the  bar,  as  do  c  and  d  in  fig.  52,  a  b  being 
the  rigid  bar.  The  amount  of  this  turning  effect  m  is  equal  to  the 
sum  of  each  of  the  two  forces  multiplied  by  its  distance  from  the 
centre— that  is, 

M=  (c  X  o  a)  -t-  (d  X  o  b),. 

whence,  c  being  equal  to  d, 

M  =  c  (o  A  +  o  b) 
that  is,  N  =  c  X  A  B, 

H 
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Fig.  53. 


or  the  product  of  one  of  the  equal  forces  into  the  perpendicular 
distance  between  them. 

Such  a  pair  of  equal  forces  is  called  a  couple,  the  perpendicular 
distance  between  their  direction  being  called  the  arm  of  the  couple  ; 
and  the  turning  effect,  m,  as  measured  by  the  product  of  one  of 
the  forces  into  the  arm,  is  the  moment  of  the  couple.  As  the 
bar  turns  round  or  rotates,  the  moment  m  is  decreased,  the  forces 
l)eing  the  same  but  acting  at  less  advantage — in  other  words, 
the  leverage  is  reduced.  This  will  be  more  evident  from  a  con- 
sideration of  fig.  53,  where  the  moment  of  the  couple  is  c  x  a  e, 
the  new  perpendicular  between  the  directions  of  the  forces. 

Reverting  once  more  to  the  experiment  with  the  floating 
needle,  if  we  call  the  strength  of  one  of  the  poles  of  the  needle  w, 
and  let  H  represent  the  horizontal  com- 
ponent of  the  earth's  magnetic  field,  then 
the  force  acting  on  each  end  of  the  needle 
is  m  X  H.  If  we  place  the  needle  so  as 
to  point  east  and  west,  the  arm  of  the 
couple  is  equal  to  the  full  length  /  of  the 
needle,  whence  the  moment  is  «r  x  h  x  /. 
This  moment  decreases  as  the  needle 
moves  round  towards  zero,  or  that  posi- 
tion in  which  it  is  pointing  north  and 
south.  The  moment  is  then  reduced  to 
nothing,  M  becoming  /«  x  H  x  o,  because 
the  length  of  the  arm  is  nothing  ;  con- 
sequently the  needle  remains  at  rest. 
Now,  we  can  cause  any  current,  the 
strength  of  which  we  may  desire  to  measure,  to  develop  a  field  of 
strength/at  right  angles  to  the  earth's  directive  force — that  is  to 
say,  we  can  cause  the  current  to  travel  north  and  south,  and  by  so 
doing  deflect  a  magnetic  needle  from  its  zero  position.  Then  the 
new  force  acting  on  each  end  of  the  needle  will  be  w  x  yj  where 
m  is  again  the  strength  of  the  magnet  pole  ;  and,  the  length  of  the 
arm  being  calculated  as  before,  the  moment  will  be  vi  x /mul- 
tiplied by  that  arm.  Manifestly,  the  needle  will  come  to  rest 
in  a  position  where  the  moment  of  the  couple  due  to  the  current  is 
equal  to  that  due  to  the  earth. 
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Let  the  needle  n  s  (fig.  54)  be  so  deflected  by  a  current,  and 
make  an  angle.,  nob,  called  the  angle  of  deflection,  with  the 
magnetic  meridian  a  b.  This  angle  no  b  is,  of  course,  equal  to 
the  angle  n  s  d.  Let  this  angle  be  called  a**,  and  let  /  be  the 
strength  of  the  field  due  to  the  current,  the  direction  of  the  action 
of  which  is  indicated  by  the  arrows  d  h  and  f  g.  d  s  is  then 
the  perpendicular  distance  between  these  directions,  whence  the 
moment  of  the  couple  due  to  the  current  is  »i  x  /  x  d  s. 

By  similar  reasoning  it  will  be  seen  that  the  moment  of  the 
couple  due  to  the  earth  is  /»  x  h  x  n  d.     Now,  if  the  needle  has 


assumed  a  state  of  rest,  showing  that  the  moments  of  theie  two 
couples  are  equal,  it  follows,  as  a  matter  of  course,  that 

/«  x  /  X  D  s  =  ;//  x  H  X  N  D, 

and  (by  cancelling  and  dividing) 

ND 


/=H 


DS 


N  D 


The'  ratio  is  called  the  tangent  of  the  angle  x  s  d,  which, 

again,  is  equal  to  the  angle  of  deflection  rt''—  that  is  to  >ay, 

/=  Htana°. 

H  2 
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This  strength  of  field,/  is  proportional  to  the  current  producing 
it ;  therefore  the  current,  c„  is  likewise  proportional  to  h  tan  a°. 

And  this  will  be  true  of  all  currents  and  all  deflections,  so  that 
if  we  let  a  second  current,  Cj,  cause  the  needle  to  be  deflected 
through  the  angle  ^°,  then  C2  must  be  proportional  to  h  tan  ^°. 

Consequently,        Cj  :  Cj ::  h  tan  rt°  :  h  tan  ^°, 
that  is,  Ci  :  Cai:     tan  a^  \      tan  ^®, 

or  the  two  currents  are  directly  proportional  to  the  tangents  of  the 
angles  through  which  they  deflect  the  needle.  By  referring  to  a 
table  such  as  is  here  given,  we  can  find  the  numerical  value  of  the 

Table  of  Natural  Sines  and  Tangents 


Deg. 

Sine 
•017 

Tangent 
•017      1 

Deg. 
31 

Sine 

Tangent 
•601 

Deg. 

Sine 

Tangent 

I 

•515 

61 

•874 

1-80     1 

2 

;    035 

•03s      ' 

32 

•530 

•625 

62 

•883 

1-88 

3 

•052 

,      -052 

33 

•544 

•649 

63 

•891 

196 

4 

•070 

•070 

34 

•559 

•674      ' 

64 

•899 

2*05 

5 

1      -087 

•087 

35 

•573 

•700 

65 

•906 

214 

6 

•104 

•105 

36 

•588 

•726 

66 

•913 

2*24 

7 

•122 

•123      I 

37 

•603 

•753     , 

67 

•920 

2*35 

8 

'139 

•140      1 

38 

•615 

•781 

68 

•927 

2-47 

9 

•'56 

•158 

39 

•629 

•810 

69 

•933 

260 

10 

'^7^ 

•176 

40 

•839 

70 

•939 

275     ! 

II 

•191 

•194 

41 

•656 

•869 

71 

•945 

2 '90 

12 

•208 

'212 

42 

•669 

•900      . 

7a 

'951 

308     1 

13 

•225 

•231 

43 

•682 

•932      1 

73 

•956 

3^a7 

14 

'242 

•249       , 

44 

•694 

•965      ' 

74 

'^ 

349 

15 

•259 

•268 

45 

•707 

I  00 

75 

•966 

373 

16 

•275 

•287    ; 

46 

•719 

103 

76 

•970 

4'oi      ) 

17 

•292 

•306 

^l 

73T 

107 

77 

•974 

4-33 

x8 

•309 

•325 

48 

•743 

I'll 

78 

•978 

470 

19 

•325 

•344 

49 

■755 

I  15 

79 

•901 

5*14 

20 

•342 

•364 

50 

•766 

I -19 

80 

•985 

5-67 

21 

•358 

•384  ' 

5» 

'777 

123 

81 

•987 

631 

22 

•374 

•404 

52      ; 

•788 

1-28 

82 

•990 

7-II 

23 

•391 

•424 

53      , 

•798   ; 

I  "33 

\^ 

•992 

8-14 

24 

•407 

•445    ; 

54 

•809  ; 

1-37 

84 

•994 

9*51 

25 

•422 

•4'^6      I 

55 

•819 

1-43 

85 

•966 

n'43 

26 

•438 

•488 

56 

•829 

1-48       , 

86 

•997 

1430 

27 

•454 

•509 

57 

•838 

1-54       1 

87 

•998 

1908 

28 

■469 

•532    , 

58 

•848   , 

i-6o 

88 

•999 

28-63 

29 

•485 

•554 

59 

•857 

1-66 

89 

•999     ' 

57  a9      ! 

30 

•500 

1 

•577 

60 

•80b 

173 

1 

90       . 

1 

i*ooo     1 

1 

Infinite 

tangents  of  these  or  other  angles,  and  so  can  easily  compare  the 
strength  of  the  currents.     . 
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An  instrument  which  will  enable  us  to  make  these  comparisons 
is  called  a  tangent  galvanometer ;  but  in  order  to  obtain  accurate 
results,  one  important  point  must  be  carefully  attended  to  in 
designing  the  instrument,  for  the  foregoing  proof  only  holds  good 
when  the  two  forces  forming  a  pair  act  parallel  to  each  other  in 
any  and  every  position  of  the  needle.  This  means,  in  short,  that 
the  field  due  to  the  earth,  and  that  due  to  the  current,  must  be 

Fic.  55» 


uniform  throughout  the  entire  space  in  which  the  needle  can  be 
moved.  Fortunately,  we  can,  by  using  a  very  short  needle,  make 
this  space  proportionally  small,  and  thereby  render  the  problem 
easier.  The  earth's  field,  as  has  been  already  stated,  is  uniform, 
but  that  due  to  a  current  is  far  from  uniform,  more  particularly 
in  the  immediate  vicinity  of  the  wire,  consequent  on  the  very 
decided  curvature  of  the  lines  of  force.  However,  as  we  get 
farther  away  from  the  wire,  these  lines  approximate  more  and 
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more  to  straight  lines,  and  if  we  bend  the  wire  carrying  the  cur- 
rent into  a  ring  of  large  diameter  we  shall  find  a  small  space  at 
its  centre  where  the  lines  of  force  are,  to  all  intents  and  pur- 
poses, straight  and  parallel.  In  fig.  55  is  shown  a  horizontal 
view  of  the  ring  and  of  the  distribution  of  the  lines  of  force 
in  the  field.  The  ellipse  represents  the  ring  itself,  of  which  a  a 
is  the  axis.  The  magnetic  needle  is  indicated  by  mm.  If  we  sus- 
pend the  small  needle  here,  the  necessary  conditions  for  a  tangent 
galvanometer  are  satisfied  ;  the  needle  being  too  short  to  permit 
of  its  poles  being  moved  into  an  irregular  or  variable  part  of  the 
field. 

With  a  ring  6  inches  in  diameter  we  can,  in  fact,  use  a  needle 
three-quarters  of  an  inch  in  length  without  the  risk  of  introducing 
any  sensible  error. 

Such  a  ring  of  wire,  then,  with  a  needle  suspended  at  its 
centre,  will  serve  to  compare  and  measure  current  strength  accord- 
ing to  the  law  which  we  have  just  stated,  i.e.  each  current  will  be 
proportional  to  the  tangent  of  the  angle  through  which  it  can 
deflect  the  needle.  When  made  in  a  practical  form,  the  tangent 
galvanometer  is  one  of  the  most  useful  pieces  of  apparatus  at  our 
command. 

It  is  important  to  notice  here  that  a  variation  in  the  strength 
of  the  magnetic  needle  will  introduce  no  error  in  the  readings  ;  for 
if,  for  instance,  a  needle  partly  loses  its  magnetisation  or  becomes 
weak,  it  is  acted  upon  more  feebly  by  both  the  earth  and  the 
current,  and  in  the  same  proportion,  so  that  the  weakened  effect  of 
the  earth's  field  is  balanced  by  the  equally  weakened  effect  of 
the  current's  field.  If  the  student  turns  again  to  the  equation  on 
p.  99,  he  will  notice  that  m  appears  on  both  sides  of  the  equation, 
and  that  it  therefore  cancels  out.  It  follows  that  the  sensitive- 
ness of  a  tangent  galvanometer  is  independent  of  the  strength  of 
its  magnetic  needle.  If,  therefore,  two  readings  were  taken  with 
different  needles,  but  with  the  same  current  and  with  other  con- 
ditions undisturbed,  the  deflection  would  be  the  same  in  each 
case. 

Returning  to  a  further  consideration  of  the  laws  governing  the 
construction  of  the  instrument,  it  is  essential  to  remember  that 
the  force  with  which  a  current  deflects  the  needle  is  proportional 
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to  the  length  of  the  wire,  and  inversely  proportional  to  the  square 
of  its  distance  from  the  needle.  If  we  increase  the  size  of  the 
coil,  we  not  only  increase  the  distance  from  the  wire  to  the  needle, 
but  also  increase  the  length  of  the  wire  in  exact  proportion  to  the 
increase  of  the  radius.  Now  the  former  reduces  and  the  latter 
increases  the  effect ;  and  this  effect  may  be  expressed  by  saying 
that  the  force,  f^  due  to  the  current's  field  at  the  centre  of  the  coil, 

is  proportional  to  --^^  =  — . 
r*  r 

The  quantity  2  ir  is  a  constant  or  invariable  quantity ;  whence 
it  follows  that  the  net  result  of  varying  the  radius  of  the  coil  is 
that  the  force  with  which  the  needle  is  deflected  varies  for  the 
same  current  inversely  as  the  radius. 

It  should  also  be  clear  that  if  we  use  one  coil  of  3  inches 
radius,  and  another  of  6  inches  radius,  the  deflection  will  be 
the  same  when  the  current  in  the  larger  coil  is  double  that  in  the 
smaller. 

With,  however,  a  single  turn  of  wire  6  inches  in  diameter,  only 
comparatively  strong  currents  can  affect  the  needle,  and,  as  we 
have  seen,  it  is  not  permissible  to  reduce  this  diameter  for  the 
purpose  of  obtaining  an  appreciable  deflection  with  comparatively 
weak  currents.  But  the  difficulty  can  be  easily  overcome,  for  we 
can  increase  the  length  of  the  wire,  without  increasing  the  distance 
from  the  needle,  by  the  simple  device  of  coiling  it  round  the  needle 
a  number  of  times.  Since  the  effect  on  the  needle  varies  directly 
as  the  length  of  the  wire,  and  the  length  of  a  wire  of  two  turns  is 
double  that  of  one  turn,  the  effect  on  the  needle  is  doubled  also  ; 
in  other  words,  the  effect  on  the  needle  varies  directly  as  the 
number  of  turns  of  wire  in  the  coil.  It  follows  that,  with  equal 
currents,  a  6-inch  coil  of  one  turn  will  give  the  same  deflection  as 
a  i2inch  coil  of  two  turns. 

It  must  be  remembered,  however,  that  if  the  number  of  con- 
volutions is  increased  to  any  great  extent  the  resistance  becomes 
considerable,  and  the  very  act  of  inserting  the  galvanometer  in  a 
circuit  may  decrease  the  current  we  desire  to  measure. 

Bearing  all  these  points  in  mind,  we  will  now  consider  a  really 
practical  instrument  for  the  measurement  of  current  strength, 
selecting  for  description  the  pattern  which  is  undoubtedly  the  best 


Digitized 


by  Google 


I04  Electrical  Engineering  chap.  iv. 

Fig.  56 


Digitized  by  VjOOQ IC 


Tangent  Galvanometer 


105 


yet  constructed — yvi,  the  Post  Office  tangent  galvanometer.  A 
general  view  of  the  instrument  is  shown  in  fig.  56. 

The  casing  is  of  brass.  The  mean  diameter  of  the  coil  is 
6i  inches  ;  the  width  of  the  channel  in  the  brass  ring  which  con- 
tains the  wire  is  /^  inch,  and  its  depth  |  inch.  The  length  of  the 
needle,  which  is  carefully  pivoted  with  agate  on  an  iridium  point, 
is  \  inch. 

As  this  needle  is  too  short  to  indicate  its  own  deflections,  it 
carries  a  light  pointer  of  gilt  copper  wire,  about  5  inches  in  length. 

Fig.  57. 


fastened  to  it  at  right  angles.  This  pointer  moves  over  an  en- 
graved circular  scale-plate,  one  half  of  which  is  divided  into  degrees, 
the  other  half  into  divisions  corresponding  to  the  tangents  of  those 
degrees,  as  shown  in  fig.  57. 

It  may  be  of  service  to  some  if  we  refer  here  to  the  manner  in 
which  this  tangent  scale  is  constructed. 

Let  the  quadrant  o  l  (fig.  58)  represent  a  portion  of  the  circle 
along  which  the  scale  is  to  be  marked,  and  let  c  o  be  the  radius 
along  which  the  index  needle  is  to  point  when  at  rest  and  when 
no  current  is  circulating  through  the  coil  of  the  instrument.  Then 
draw  the  tangent  line,  o  d — that  is  to  say,  a  line  at  right  angles  to 
0  c,  meeting  it  in  o.     Then  mark  off  along  o  d  any  number  of 
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equal  divisions,  and  project  lines  from  these  points  or  divisions  to 
c,  the  centre  of  the  circle,  intersecting  the  circumference  at  various 
places.  These  points  of  intersection  will  then  correspond  to  the 
equal  divisions  along  o  d,  and  will  be  proportional  to  the  tangents 
of  the  various  angles  which  would  be  measured  at  those  inter- 
sections. This  device  saves  the  operator  the  trouble  of  ascertain- 
ing from  a  table  the  tangent  equivalents  to  the  various  deflections 
and  then  calculating  their  relative  values. 

A  piece  of  looking-glass  is  placed  under  the  scale-plate  and  is 
exposed  at  two  circular  slots  in  the  plate,  so  that  in  taking  a 
reading  the  observer  may  let  the  pointer  cover  its  own  reflection, 
when  he  will  be  assured  that  he  is  looking  vertically  down  upon  it, 
avoiding  thereby  any  error  due  to  parallax — that  is  to  say,  any 


inaccuracy  in  reading  caused  by  looking  at  the  pointer  sideways. 
A  lever,  operated  by  a  small  switch  extending  through  the  box 
which  carries  the  needle  and  scales,  is  provided  for  lifting  the 
needle  off  its  pivot  when  not  in  use.  There  is  also  a  small 
adjustable  magnet  which  slides  on  a  brass  rod  over  the  needle, 
and  is  used  for  varying  the  sensibility  of  the  instrument.  This 
may  appear  to  be  a  step  backwards  from  the  beautifully  simple 
thesis  upon  which  the  instrument  is  constructed.  If  there  were 
no  very  good  reason  for  introducing  this  *  controlling '  magnet  to 
vary  the  sensibility  of  the  instrument,  the  wisdom  of  its  introduc- 
tion would  be  questionable.  But  it  must  be  remembered  that 
there  are  several  hundreds  of  these  instruments  in  use  throughout 
the  country,  and  if  it  is  known  that  a  reading  of,  say,  twenty-five 
divisions  corresponds  in  every  case  to  a  current  of  i  milliampere, 
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the  direct  value  of  any  other  reading  can  be  confidently  estimated. 
The  controlling  magnet,  when  placed  with  its  S.  pole  over  the  N. 
pole  of  the  needle,  assists  the  directive  force  of  the  earth's  magnetism, 
or  helps  to  keep  the  needle  in  the  meridian  with  its  north-seek- 
ing pole  pointing  to  the  north.  The  effect  is  the  same  as  it  would 
be  were  the  value  of  h  increased,  and  a  stronger  current  is  then 
required  to  produce  any  given  deflection.  Hence  the  sensitive- 
ness of  the  instrument  is  reduced.  On  the  other  hand,  if  the  con- 
trolling magnet  is  placed  with  its  north-seeking  pole  pointing 
northwards,  it  tends  to  turn  the  needle  round,  and  therefore  its 

Fig.  59. 


effect  is  the  same  as  would  result  from  a  reduction  of  the  value 
of  H,  whence  the  sensitiveness  of  the  instrument  is  increased. 
Either  effect  may  be  varied  in  magnitude  by  sliding  the  magnet 
up  or  down  the  rod.  For  instance,  the  needle  will  move  from 
zero  with  the  weakest  current  when  the  magnet  is  placed  at  the 
bottom  of  the  rod  with  its  poles  opposing  the  earth's  magnetism. 

A  reference  to  fig.  59  will  make  the  conception  of  the 
electrical  portion  of  the  instrument  easier.  There  are  three  sepa- 
rate coils  of  wire  in  the  brass  ring,  or  bobbin,  the  ends  of  each 
being  brought  down  through  the  hollow  pillar  and  connected 
under  the  base  of  the  instrument   to  their  respective  terminal 
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screws,  as  shown  in  plan  on  the  figure.  Between  the  terminals  c 
and  D  is  a  coil  consisting  of  three  turns  of  thick  wire ;  between  d 
and  E  are  twelve  turns  of  similar  wire,  but  wound  in  the  opposite 
direction.  If  the  current  be  sent  from  c  to  e,  we  get  nine  turns 
acting  on  the  needle,  for  three  of  the  twelve  turns  are  neutralised 
by  the  three  in  the  opposite  direction  between  c  and  d.  The 
resistance  of  these  coils  is  negligibly  low,  so  that  we  are  able 
to  get  the  effect  from  three,  nine,  or  twelve  turns  without  varying 
appreciably  the  strength  of  the  current.  The  other  coil  consists 
of  a  great  many  turns  of  fine  silk- covered  wire.  Its  resistance  is 
exactly  320  ohms.  One  end  of  it  is  joined  to  terminal  b,  and  the 
other  end  to  the  middle  brass  block  f.  By  inserting  a  brass  plug 
in  the  left-hand  hole,  the  end  of  the  coil  attached  to  the  middle 
block  is  connected  to  terminal  a  direct.  If,  however,  this  plug  is 
removed,  the  current  in  travelling,  say,  from  b,  has  to  pass  through 
an  additional  resistance  coil  of  750  ohms  (which  is  fixed  under  the 
base  of  the  instrument)  before  it  reaches  terminal  a.  Under  these 
circumstances  the  total  resistance  between  a  and  b  is  1,070  ohms. 
Suppose  now  a  single  Daniell  cell,  whose  resistance  is  compara- 
tively low,  and  whose  e.m.f.  is  1-07  volt,  to  be  joined  to  terminals 

a  and  b.     By  Ohm's  law  the  current  is  equal  to  ^  °'  ^^     ,  or 

1,070  ohms 

•001  ampere — that  is,  i  milliampere. 

These  resistances  are,  in  fact,  calculated  for  use  with  a  single 
Daniell  cell  as  a  standard.  We  can  therefore  always  immediately 
produce  a  deflection  which  we  know  to  be  that  due  to  i  milli- 
ampere of  current,  and  find  the  value  of  any  other  current  by  observ- 
ing its  deflection  under  similar  conditions.  A  small  key  is  fixed  on 
the  base  of  the  instrument ;  when  depressed  it  connects  a  direct  to 
B,  as  will  be  seen  from  fig.  59,  or,  in  the  usual  language,  it  short- 
circuits  the  coils.  It  is  used  for  checking  the  oscillations  of  the 
needle  and  bringing  it  quickly  to  rest. 

It  is  sometimes  required  to  measure  a  current  so  strong  that 
the  deflection  is  inconveniently  high.  In  this  case  a  part  of  the 
current  may  be  *  shunted,'  or  provided  with  an  alternative  path, 
or,  more  correctly  speaking,  a  by-path,  so  that  only  a  portion  of 
the  current  shall  go  through  the  galvanometer,  the  rest  going 
through  the  shunt.     It  is  necessary,  however,  to  know  exactly 
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what  fraction  of  the  total  current  is  passing  through  the  instru- 
ment and  what  through  the  shunt.  If  we  join  the  ends  of  the  coil 
by  a  shunt  equal  to  it  in  resistance,  then  the  current  will  divide 
equally  between  the  two  paths,  and  only  half  of  the  total  current 
will  be  measured.  If  the  resistance  of  the  shunt  be  ^  that  of 
the  galvanometer,  then  ^^^^  of  the  current  will  pass  through  the 
shunt  and  the  other  tenth  through  the  galvanometer.  In  this 
case,  therefore,  the  total  current  will  be  ten  times  that  measured 
by  the  deflection  of  the  needle. 

The  instrument  we  are  now  describing  is  provided  with  such  a 
shunt  ;  its  resistance  is  ^~l^  ohms,  and  fig.  59  clearly  shows  how  it 
may  be  brought  into  use  by  inserting  a  plug  in  the  right-hand 
hole,  thus  connecting  together  the  middle  and  right-hand  blocks. 
Suppose,  when  the  adjustment  is  such  that  i  milliamperq  gives 
twenty-seven  tangent  divisions,  that  we  insert  this  tenth  shunt, 
and  then  with  a  current  of  unknown  strength  obtain  eighty-one 
di\asions.  The  current  flowing  round  the  galvanometer  is  mani- 
festly 3  milliamperes,  but  this  is  only  yV  o^  the  whole,  consequently 
the  total  current  is  30  milliamperes. 

In  order  to  reduce  the  current  flowing  through  a  galvanometer 

to  any  fraction  of  its  full  value,  say,  to  — ,  the  resistance  of  the  shunt 

n 

necessary  to  produce  that  result  must  be  -  that  of  the  galvano- 
meter. A  moment's  reflection,  however,  will  make  it  evident  that 
the  introduction  of  a  shunt  reduces  the  resistance  of  the  circuit, 
and  may,  therefore,  cause  a  considerable  and  material  increase  in 
the  current  strength.  Where  this  increase  of  strength  is  appre- 
ciable, the  introduction  of  extra  resistance  sufficient  to  compensate 
for  the  fall  caused  by  the  shunting  becomes  necessary,  the  problem 
Ijeing  to  ascertain  exactly  how  much  compensating  resistance  is 
required.  By  the  laws  of  the  joint  resistance  of  two  parallel  wires, 
explained  in  Chapter  II.,  the  joint  resistance  of  the  galvanometer, 

c,  and  the  shunt,  s,  will  be  equal  to       — .     Now,  the  resistance 

G  +  S 

T  Cm 

of  s  has  iust  been  shown  to  be part  of  c,  or y  that  is. 
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if  only  a  tenth  of  the  current  is  to  pass  through  the  galvanometer, 
the  shunt  resistance  should  be  part  of  the  galvanometer 

resistance  g.    That  is  to  say,  s  =         - ,  and  inserting  this  value 

«—  I 

we  get — 


GS  «  —  I 


G+S         ^^       G 


which  is  equal  to  — . 
n 

So  that  the  joint  resistance  of  a  galvanometer  coil  of  320  ohms 

and  its  tenth  shunt  will  be  -  =  ^—  =  32,  whence  it  follows  that 

n        \o 

the  reduction  in  resistance  due  to  the  use  of  the  shunt  amounts 

toG  —      ,  or  320  —  32  =  288.     288  ohms  is,  therefore,  in  this 
n 

case  the  resistance  that  it  would  become  necessary  to  introduce  in 
order  to  restore  the  resistance  of  the  circuit  to  the  same  value 
that  it  had  prior  to  the  introduction  of  the  shunt.  And,  generally, 
it  may  be  said  that  the  introduction  of  a  shunt  reduces  the  resist- 
ance of  the  circuit  to  the  extent  of     ""  -   g,  and  that  amount  of 

n 

resistance  will  need  to  be  inserted  to  re-establish  the  conditions 
of  the  circuit.  In  short,  this  compensating  resistance  is  equal  to 
the  difference  between  the  resistance  of  the  galvanometer  alone 
and  of  the  galvanometer  shunted. 

When  great  accuracy  is  desired,  all  the  readings  on  the  tangent 
galvanometer  should  be  taken  with  the  needle  deflected  as  nearly 
as  convenient  through  an  angle  of  45°.  The  reason  for  this  is, 
that  any  given  proportional  increase  or  decrease  in  the  strength  of 
the  current  will  produce  a  greater  effect  on  the  needle  when  it  is 
in  that  position  than  when  in  any  other,  or,  in  other  words,  the 
sensitiveness  of  the  instrument  is  then  at  its  maximum.  For 
instance,  if,  when  the  needle  is  deflected  through  45%  an  in- 
crease of  the  current  by  one- fortieth  gives  an  increase  of  one 
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division  in  the  deflection,  a  similar  increase  in  the  current  when 
the  needle  stood  at  lo®  or  80°  would  not  be  perceptible. 

Every  galvanometer  has  a  definite  angle  of  maximum  sensitive- 
ness^ or  such  an  angle  of  deflection  that  with  a  given  proportional 
increase  in  the  strength  of  the  current  there  will  be  a  larger 
divergence  than  when  the  needle  is  at  any  other  point  on  the 
scale.  The  mathematical  demonstration  of  the  existence  of  this 
angle  would  be  somewhat  beside  the  scope  of  this  work,  but  we 
may  repeat  that  for  every  tangent  galvanometer  the  angle  of  maxi- 
mum sensitiveness  is  45®.  We  should  always  endeavour,  there- 
fore, when  using  this  instrument  to  get  the  deflection  as  near 
45°  as  possible,  or  when  comparing  two  currents  get  the  deflec- 
tions at  equal  distances  on  either  side  of  this  point. 

It  has  already  been  pointed  out  that  it  is  very  convenient,  we 
would  say  more,  it  is  necessary,  in  practice  to  be  able  to  determine 
immediately  the  value  in  amperes  or  milHamperes,  to  which  some 
particular  deflection  of  the  needle  corresponds,  and  it  will  be 
remembered  that  with  a  Daniell  cell  as  a  standard  a  current  of 
I  milliampere  may  be  immediately  produced  ;  but  it  must  not  be 
forgotten  that  owing  to  the  alteration  in  the  directive  force  conse- 
quent upon  moving  the  instrument,  or  moving  pieces  of  iron  in  its 
vicinity,  it  is  essential  that  a  standard  reading  should  be  taken 
prior  to  each  test  or  series  of  tests.  The  experimenter  should  also 
guard  against  any  such  prejudicial  effect  as  would  result  from  a 
bunch  of  keys,  or  a  knife  carried  in  the  pocket. 

The  foregoing  applies  to  a  galvanometer  with  a  tangent  scale 
constructed  so  that  its  zero  point  is  in  the  centre,  as  is  the  case 
with  the  inner  scale  on  the  tangent  divisions  side  in  fig.  57.  But 
it  will  be  seen  that  in  this  figure  there  is  an  outer  scale  also  of 
tangent  divisions,  but  with  the  zero  point  at  the  extreme  left-hand, 
where  the  pointer  is  shown  resting.  This  outer  scale  is  known  as 
the  *  skew  scale,'  from  the  position  of  the  needle  when  at  zero, 
and  its  great  advantage  lies  in  the  fact  that  the  range  of  measure- 
ment is  double  that  of  the  ordinary  scale.  For  a  comparatively 
high  reading,  also,  the  deflection  can  be  read  with  greater  ease  as 
the^xiinter  is  not  in  the  part  of  the  scale  where  the  divisions  are 
close  together.  It  is  true  that  a  small  deflection  from  this  zero 
cannot  easily  be  read,  on  account  of  the  closeness  of  the  division 
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marks,  but  the  ordinary  scale  can  be  employed  for  this  if  neces- 
sary. 

Unfortunately,  the  tangent  galvanometer  is  but  little  suited  for 
the  measurement  of  very  powerful  currents  such  as  those  gene- 
rally employed  in  electric  lighting.  We  must,  therefore,  now  direct 
attention  to  an  instrument  which  will  answer  this  purpose,  and 
one  which  is  beautifully  simple  in  its  conception,  and  at  the  same 
time  remarkably  accurate  and  free  from  error.  It  is  based  upon 
the  simple  experiment  mentioned  at  the  commencement  of  this 
chapter,  viz.,  the  attraction  or  repulsion  which  takes  place  between 
two  wires  carrying  currents.  It  may  now  be  stated  that  the  force 
of  this  attraction  or  repulsion  is  readily  measurable,  being,  in  fact 
proportional  to  the  strength  of  one  current  multiplied  by  the 
strength  of  the  other,  provided  that  the  distance  between  the  two 
wires  remains  constant.  If  we  suppose  the  currents  in  each  of  the 
wires  to  be  exactly  equal,  say  2  amperes,  then  the  force  may  be 
represented  by  the  number  2  x  2  =4.  Now  if  we  double  the 
current  strength  in  each  wire,  the  force  of  attraction  or  repulsion 
will  be  4  X  4  =  16  ;  so  that,  when  the  current  strength  in  each  is 
doubled,  the  force  between  them  is  quadrupled.  Similarly,  if  we 
treble  the  current  in  each  wire,  or  make  it  6  amperes,  then  the 
mutual  force  will  be  6  x  6  =  36,  or  nine  times  as  great  as  when 
the  current  was  2  amperes.  We  therefore  see  that  the  force  of 
attraction  or  repulsion  between  two  wires  carrying  equal  currents 
varies  as  the  square  of  the  current  strength.  It  will  be  apparent 
that  the  simplest  method  of  obtaining  equal  currents  in  each  wire 
is  to  join  them  in  series,  and  send  the  same  current  through  both 
of  them  in  succession.  Then,  if  any  number  of  currents  be  sent 
through  them,  the  force  of  the  action  between  the  wires  will  be 
proportional  to  the  square  of  the  strength  of  the  current  in  every 
case,  whence  it  may  be  reasoned  that  if  these  forces  can  be 
measured  or  compared,  the  currents  producing  them  can  also  be 
estimated  ;  for  as  the  force  varies  as  the  square  of  the  current,  the 
current  will  vary  as  the  square  root  of  the  force  exerted  by  it. 

In  constructing  an  instrument  on  this  principle,  it  is  necessary, 
therefore,  to  have  some  means  of  accurately  measuring  the  force 
exerted,  and  also  to  ensure  that  the  distance  between  the  wires 
remains  exactly  the  same  during  all  the  comparisons. 
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Fig.  6i. 


The  Siemens  dynamometer  fulfils  all  these  conditions  to  the 
letter.  A  general  view  of  this  instrument  is  given  in  fig.  60, 
fig.  61  showing  the  manner  in  which  the  principle  is  applied. 
The  two  wires  (or  coils)  are  rectangular  in  shape.  One  of  them, 
A  B  c  D  (fig.  61),  is  rigidly  fixed  to  a  vertical  support,  while  the  other, 
E  F  G  H,  which  is  sufficiently  large  to  embrace  the  fixed  wire, 
when  the  plane  of  the  one  is  at  right  angles  to  that  of  the  other, 
is  suspended  by  a  stout  silk  thread. 

In  order  that  the  cur- 
rent may  be  passed  through 
the  movable  coil,  without 
in  any  way  impeding  or 
interfering  with  its  freedom 
of  motion,  its  two  ends,  g 
and  H,  are  brought  round 
and^  bent  down  into  mer- 
cury cups  placed  vertically 
one  over  the  other,  so  that 
the  two  ends  and  the  point 
of  suspension,  k,  are  in  the 
same  vertical  line. 

Connection  with  the 
mercury  is  made  by  a  wire 
passing  in  at  the  bottom 
of  the  cup.  The  arrows  in 
fig.  61  show  the  direction 
of  the  current  in  the  various 
parts  of  the  circuit,  when 
a  current  is  sent  through 
both  coils  in  series,  and  it 
is  easy  to  see  that  each  vertical  limb  of  the  movable  coil  will  be 
urged,  by  repulsion  on  one  side  and  attraction  on  the  other,  to 
set  itself  in  the  same  plane  as  the  fixed  coil.  But  it  has  already 
been  said  that  it  is  essential  that  the  coils  should  remain  or  be 
brought  back  into  the  same  relative  positions  when  the  force 
between  them  is  measured.  In  the  Siemens  dynamometer  the 
position  selected  is  with  the  planes  of  the  two  coils  at  right 
angles ;  and  the  force  measured  is  that  force  which  is  necessary 
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to  keep  the  movable  coil  in  this  position  against  the  action  of  the 
current. 

This  antagonistic  force  is  applied  by  means  of  a  spiral  spring,  s, 
the  lower  end  of  which  is  rigidly  fixed  to  the  rectangle  e  f  g  h  ; 
while  its  upper  end  is  fixed  to  a  mill-headed  screw,  which  can  be 
turned  round,  torsion  being  thereby  applied  to  the  spiral  spring. 
A  pointer  is  attached  to  the  screw-head  and  moves  with  it,  and, 
travelling  over  a  graduated  scale,  divided  usually  into  400  equal 
divisions  instead  of  360  degrees,  indicates  the  amount  of  torsion 
applied  to  the  spiral  spring  in  bringing  the  coil  e  f  o  h  back  to 
the  zero  position,  against  the  opposing  force  due  to  the  current 
circulating  in  the  coils.  It  is  a  simple  and  well-known  law  that 
the  force  of  torsion  is  proportional  to  the  angle  of  torsion,  and  as 
the  angle  through  which  the  screw  is  turned  in  order  to  keep 
the  movable  rectangle  at  zero  is  an  exact  measure  of  the  torsion 
applied,  the  force  necessary  to  the  production  of  that  angle  must 
be  proportional  to  the  force  acting  between  the  two  coils,  and  due  to 
the  current  circulating  in  them.  This  latter  force  varies,  as  we  have 
seen,  as  the  square  of  the  current  strength,  so  that,  therefore,  the 
current  is  proportional  to  the  square  root  of  the  angle  of  torsion. 
The  movable  coil  also  carries  a  pointer,  the  end  of  which  just  over- 
laps the  scale-card  and  plays  between  two  pins  about  half  an  inch 
apart  When  it  points  to  zero,  the  two  coils  are  accurately  at 
right  angles  one  with  the  other. 

The  instrument  has  usually  two  separate  and  distinct  fixed 
coils  ;  one  consisting  of  a  few  turns  of  thick  wire,  and  the  other 
of  a  larger  number  of  turns  of  thinner  wire.  The  object  of  this 
arrangement  is  to  facilitate  the  measuring  of  currents  differing 
very  considerably  in  strength,  and  so  to  increase  the  available 
range  of  the  instrument.  One  end  of  the  thin-wire  coil  is  joined 
to  the  left-hand  terminal  screw  (fig.  60),  and  one  end  of  the  thick- 
wire  coil  to  the  right-hand  screw.  The  other  two  ends  are  con- 
nected to  the  upper  mercury  cup,  while  the  lower  cup  is  joined  to 
the  middle  terminal  screw. 

For  a  very  strong  current,  then,  the  centre  and  right-hand  ter- 
minals,  giving  the  thick-wire  and  movable  coils,  should  be  used  ; 
while  for  a  weaker  one,  the  centre  and  left-hand  terminals,  between 
which  are  the  thin-wire  and  movable  coils,  should  be  employed, 
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On  account  of  the  operation  of  the  law  of  the  square,  a  more 
accurate  reading  can  be  obtained  in  the  higher  part  of  the  scale 
than  in  the  lower,  and  it  is  therefore,  where  possible,  more  advan- 
tageous to  use  the  thin -wire  coil  for  such  currents  as  would  give 
only  a  low  reading  with  the  thick-wire  coil. 

Three  levelling  screws  are  provided,  it  being  absolutely  essential 
that  the  coils  should  be  exactly  perpendicular.  The  movable 
rectangle  can  be  raised  or  lowered  by  means  of  the  thread  which 
is  attached  to  a  screw  at  the  top  of  the  instrument,  until  it  moves 
quite  freely  and  makes  good  contact  with  the  mercury.  It  is 
difficult  to  replace  this  silk  thread  quickly,  and  this  constitutes  a 
weak  point  in  the  instrument,  for  an  inexperienced  operator  fre- 
quently commences  his  experiment  by  breaking  it. 

The  instrument  requires  calibration,  that  is  to  say,  it  is  neces- 
sary to  find  out  to  what  current  strength  a  certain  amount  of 
torsion  is  equivalent,  before  any  unknown  current  can  be  measured 
in  amperes.  This  calibration  may  be  effected  by  deflecting  the 
rectangle  by  a  current  of  known  strength,  and  then  by  turning  the 
milled-head  attached  to  the  upper  end  of  the  spiral  spring,  apply- 
ing just  sufficient  torsion  to  restore  the  pointer  attached  to  the 
rectangle  to  the  zero  position.  Suppose  the  current  to  be  one 
ampere  and  the  torsion  applied  i6  divisions.  Then  if  a  current 
of  unknown  strength  be  sent  through  the  same  coil,  and  it  is 
necessary  to  apply  64  divisions  of  torsion  to  bring  the  rectangle 
back  to  zero,  the  latter  current  will  be  2  amperes  in  strength  ;  for 

Ci    :    Cj  ::   v'16    :    ^64, 

that  is  as  4  is  to  8  or  as  i  is  to  2. 

In  practice  such  calculations  would  be  exceedingly  incon- 
venient ;  the  makers,  therefore,  calibrate  the  instrument,  or  deter- 
mine what  strength  of  current  corresponds  with  the  various  angles 
of  torsion,  both  for  the  thin-  and  thick- wire  coils.  These  results 
are  tabulated  in  a  convenient  form  and  supplied  with  the  instru- 
ment. 

On  referring  to  fig.  61  it  will  be  observed  that,  if  the  current  is 
reversed,  the  rectangle  will  still  be  deflected  fn  the  same  direction, 
because,  the  direction  of  the  current  in  all  the  sections  being 
altered,  attraction  or  repulsion  will  take  place  between  the  same 
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limbs  as  before.  The  instrument  can  therefore  be  used  to  com- 
pare either  positive  or  negative  direct  currents,  or  even  alternat- 
ing currents — i.e,  those  whose  direction  is  rapidly  reversed. 

The  pointer  attached  to  the  screw- head  should  always  stand  at 
zero  when  the  instrument  is  not  in  use,  otherwise  the  spiral  spring 
will  take  up  a  set  and  will  not  bring  the  rectangle  to  zero  when  the 
pointer  is  brought  there.  The  spring  will,  however,  gradually  re- 
cover from  any  such  set  if  it  be  not  excessive. 

The  Siemens  dynamometer  is  a  very  accurate  instrument  when 
used   with    ordinary    care, 
but  every  measurement  oc-  '^*  ^''' 

cupies  a  certain  amount  of 
time,  for  in  every  case  the 
rectangle  has  to  be  brought 
back  exactly  to  zero,  the 
amount  of  torsion  noted, 
and  then  the  table  referred 
to,  to  ascertain  the  current 
strength  to  which  this  tor- 
sion corresponds. 

It  is  evident  that  an 
instrument  which  imme- 
diately indicates  in  amperes 
the  strength  of  the  current 
flowing  is  far  more  conve- 
nient to  use,  although,  un- 
fortunately, a  direct-reading 
instrument  has  not  yet  been 
designed    which    may    be 

relied  upon  for  any  length  of  time  to  be  as  accurate  as  the  Siemens 
dynamometer.  Instruments  of  this  class  are  called  ammeters,  and 
one  of  the  earliest  was  that  designed  by  Professors  Ayrton  and 
Perry,  but  although  a  very  good  instrument  its  use  is  now  almost 
restricted  to  laboratory  and  kindred  work. 

It  is  based  upon  the  fact,  that  a  piece  of  soft  iron  placed  in  a 
magnetic  field  which  is  not  uniform,  will  be  urged  from  a  com- 
paratively weak  towards  the  strongest  part  of  the  field.  One  way  of 
viewing  the  action  is  to  consider  the  iron  rod,  m  (fig.  62),  as  a 
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magnet  for  the  time  being,  and  then  if  the  field  be  generated  by  a 
current  circulating  round  a  helix  of  wire,  H  h,  and  the  iron  is 
placed  just  outside  the  helix,  it  will  be  sucked  down  until  it  reaches 
the  middle  of  the  helix,  which  is  the  strongest  part  of  the  field. 
Now,  this  action  will  be  proportional  to  the  product  of  the  strength 
of  the  field  and  the  strength  of  the  temporary  magnet ;  but  as  the 
latter  varies  with  the  strength  of  the  field,  but  not  according  to 
any  regular  law,  the  readings  will  not  be  proportional  to  the  current 
strength  unless  by  some  means  the  strength  of  this  temporary 
magnet  is  kept  constant.  Experiment  shows  that,  although  the 
magnetic  lines  of  force  pass  readily  through  a  piece  of  iron 
*^^  ^'  when  there  are  very  few  lines  already  there,  yet,  when  a 
great  many  are  present,  any  further  addition  to  their  num- 
ber becomes  very  difficult.  When  in  this  latter  condition 
the  iron  is  said  to  be  *  saturated.*  A  piece  of  very  thin  soft 
iron  tubing  becomes  saturated  even  in  a  weak  field,  that 
is,  in  a  field  traversed  by  but  few  lines  of  force ;  so  that 
beyond  a  certain  stage,  although  the  strength  of  the  field 
is  increased,  the  number  of  lines  of  force  passing  through 
the  iron  tubing,  that  is,  its  strength  considered  as  a  mag- 
net, remains  practically  the  same.  Therefore,  if  we  use  a 
very  thin  tube  of  soft  iron,  the  force  with  which  it  is 
sucked  into  the  helix  will,  for  all  fields  above  a  certain 
strength,  depend  simply  upon  the  strength  of  the  field  and 
will  be  proportional  thereto,  and  consequently,  also  propor- 
tional to  the  strength  of  the  current  producing  the  field. 
Except  for  weak  currents,  then,  we  may  estimate  the  strength 
of  a  current  by  measuring  the  pull  on  such  a  thin  tube  of  iron 
placed  partly  inside  a  helix.  It  must  not  be  placed  exactly  in  the 
middle  of  the  coil,  as  that,  being  the  strongest  part  of  the  field,  is 
the  position  of  rest  for  the  iron. 

In  the  instrument  under  consideration  the  method  of  measur- 
ing the  pull  is  unique.  It  depends  upon  a  peculiar  property  pos- 
sessed by  a  flat  spiral  spring  shaped  like  a  curled-up  shaving,  as 
illustrated  in  fig.  63.  If  such  a  spring  be  stretched  while  one 
end  of  it  is  fixed,  the  other  end  will  rotate,  and  the  angle  of  rota- 
tion will  be  exactly  proportional  to  the  amount  of  stretching,  the 
angle  being  considerable  even  for  a  small  extension  of  the  spring. 
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A  reference  to  fig.  64  will  show  how  these  principles  are  combined 
in  the  actual  instrument. 

The  helix  fills  the  space  marked  w  w,  and  is  composed  of 
stout  wire  offering  little  resistance,  so  that  its  introduction  into  a 
circuit  does  not  diminish  the  current  flowing  therein,  t  is  the 
thin  tube  of  soft  iron  which  is  sucked  down  more  or  less  by  the 

Fig.  64. 


current,  its  lateral  movements  being  prevented  by  two  small  brass 
pins,  p  and/.  The  former  is  fixed  to  a  small  piece  of  brass,  c, 
which  is  fastened  to  the  bottom  of  the  soft  iron  tube.  The  spiral 
spring  is  placed  inside  this  tube,  its  lower  end  being  rigidly  fixed 
to  c  and  its  upper  end  to  the  brass  pin  /.  As  /  is  also  rigidly 
connected  to  the  screw-head,  h,  the  upper  end  of  the  spring 
cannot  rotate,  therefore   when  the  tube  x  is  sucked  down  the 
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lower  end  of  the  spring  rotates,  carrying  with  it  the  tube.  The 
upper  end  of  the  tube  which  projects  out  of  the  coil  carries  a 
pointer  which  moves  over  a  graduated  scale,  and  so  indicates  the 
angle  of  rotation,  the  usual  horizontal  mirror  being  provided  to 
avoid  errors  due  to  parallax.  The  scale  is  divided  into  equal 
divisions  representing  amperes  and  fractions  of  an  ampere,  but  as 
the  iron  does  not  become  saturated  until  the  current  has  attained 
a  certain  strength,  the  first  portion  of  the  scale  is  never  used,  and 
is,  in  fact,  not  graduated,  for,  as  has  been  explained,  the  indications 
at  this  stage  are  not  proportional  to  the  current  strength.  It  is 
clear  that  if  the  iron  tube  moved  through  any  considerable  distance 
so  as  to  get  into  a  part  of  the  field  of  different  strength,  the  read- 
ings would  not  be  proportional ;  but  it  will  be  remembered  that 
the  peculiarity  of  the  spring  is  that  the  angle  of  rotation  is  great 
for  a  very  small  extension  in  length,  consequently  the  pointer 
traverses  the  whole  range  without  the  distance  through  which  the 
iron  moves  being  sufficient  to  cause  inaccuracy.  The  instrument 
is  calibrated  by  the  maker,  similar  scale-cards  having  equal  divi- 
sions being  used  for  all  instruments  of  the  same  range,  and  the 
adjustment  effected  by  shifting  a  small  auxiliary  coil.  When  a 
current  is  sent  through  the  instrument  the  pointer  indicates  at 
once  the  number  of  amperes  of  current  flowing,  thus  avoiding 
calculation  or  reference  to  a  table.  Occasionally,  however,  com- 
parison should  be  made  with  some  reliable  standard,  such  as  a 
Siemens  dynamometer,  for  the  instrument  is  liable  to  variation 
after  continued  use. 

The  pointer  moves  in  the  same  direction,  no  matter  in  what 
direction  the  current  is  sent  through  the  coils,  because  the  mag- 
netism of  the  iron  tube  is  also  reversed.  There  is  a  possibility 
here  of  an  error  being  caused  by  the  retentivity  of  the  iron,  but 
as  it  is  so  thin  and  soft  its  magnetism  is  readily  completely 
reversed,  and  no  error  is  introduced  from  this  cause.  In  order  to 
indicate  the  direction  of  the  current  a  small  magnetic  needle  is 
usually  fitted  in  the  base-board,  and  its  blue-coloured  end  points 
towards  the  terminal  screw  at  which  the  current  enters.  The 
pointer  can  be  adjusted  to  zero  by  turning  the  milled  head  h. 
The  coils  and  tube  are  surrounded  by  an  iron  casing,  which,  as 
will  be  explained  hereafter,  prevents  any  external  currents  or 
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magnets  affecting  the  tube  and  so   causing  inaccuracy   in  the 
readings. 

An  instrument  with  a  vertical  scale  is  far  more  convenient 
since  the  movements  of  the  pointer  can  be  seen  at  a  distance.  A 
number  of  such  instruments  depend  upon  the  power  of  a  coil 
alone,  to  raise  a  more  or  less  weighty  piece  of  iron  against  the 
force  of  gravity,  while  others  have  a  solenoid  and  core  to  perform 
a  similar  operation.     They  all  require  to  be  calibrated,  but,  under 


Fig.  65. 


the  circumstances,  that  is  not  objectionable  providing  the  cali- 
bration is  correctly  performed,  and  that  the  value  of  the  various 
readings  remains  fairly  constant  for  a  considerable  time. 

The  first  instrument  of  this  class  to  which  we  will  refer  is 
that  constructed  by  Schuckert.  A  general  view  of  this  ammeter 
is  shown  in  fig.  65,  and  a  view  of  the  moving  portion  of  it  in 
fig.  66.  It  will  be  seen  that  the  instrument  is  made  to  be  fixed 
with  its  base  in  a  vertical  position,  the  working  parts  being  pro- 
tected by  a  circular  metal  case  with  a  glass  front.  From  the  two 
terminal  clamps  below  the  instrument  case,  stout  metal  bands  are 
led  to  the  solenoid,  which  is  placed  with  its  axis  horizontal,  and 
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which  when  used  for  very  heavy  currents  consists  of  single  copper 
casting,  with  helical  saw-cuts,  so  as  to  lead  the  current  a  few  times 
round  the  *  needle.'  With  such  a  solenoid  no  insulating  material 
is  employed  other  than  the  air  \  but  in  the  case  of  instruments 
constructed  for  the  measurement  of  weaker  currents  the  solenoid 
is  made  of  a  number  of  turns  of  ordinary  stout  insulated  wire.  A 
light  steel  arbor  or  spindle  is  pivoted  so  as  to  lie  parallel  to,  and 
a  little  to  the  left  of,  the  axis  of  the  coil.  It  has  attached  to  it  a 
thin  curved  plate  of  soft  iron  shaped  as  shown  in  fig.  66.  This 
piece  of  iron  is  nearly  equal  in  length  to  the  arbor,  and  extends 
through  the  length  of  the  solenoid.  A  light  aluminium  pointer  is 
also  fixed  to  the  arbor  at  right  angles,  and  ^e  movable  parts  are 
so  weighted  that,  in  the  absence  of  a  current,  the  pointer  is  held 
in  the  zero  position  by  the  force  of  gravity. 

A  current  passing  through  the  coil  of  the  Schuckert  instrument, 
in  endeavouring  to  rotate  the  curved  piece  into  the  centre,  raises 
it  against  the  force  of  gravity,  through  a  distance  depending  upon 
the  strength  of  the  current.  The  index  attached  to  the  arbor 
travels,  therefore,  over  the  scale  which  is  placed  behind  it,  and 
thus  indicates  the  strength  of  the  current  passing  through  the 
instrument.  As  may  be  imagined,  the  divisions  of  the  scale  are 
unequal,  but  the  scales  of  all  instruments  of  the  same  range  are 
exactly  alike,  the  centre  of  gravity  of  the  moving  parts  in  each 
case  being  adjusted  to  suit  the  scale.  The  adjustment  is  made 
by  bending  a  small  piece  of  copper  wire  (see  fig.  66)  fixed  at  one 
end  to  the  upper  side  of  the  arbor,  but  this  operation  is  a  matter 
of  some  difficulty  when  it  is  desired  to  reproduce  a  previous  cali- 
bration. It  is  an  interesting  fact  that  the  gross  weight  of  the 
moving  part  is  but  ^^  of  an  ounce.  The  amount  of  friction  is 
therefore  very  slight,  and,  there  being  very  little  in  the  instrument 
which  is  liable  to  vary  with  ordinary  workshop  usage,  it  is  a  use- 
ful and  practical  piece  of  apparatus. 

The  instrument  known  as  the  'Gravity'  ammeter  is  the 
invention  of  Mr.  S.  F.  Evershed  ;  it  is  manufactured  by  Messrs. 
Easton,  Anderson,  &  Goolden,  and  is  for  practical  work  an 
excellent  and  reliable  indicator. 

In  this  case  also  the  magnetising  coil  is  placed  with  its  axis 
horizontal.     A  small  cylindrical  piece  of  soft  iron,  a  (fig.  67^  is 
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fixed,  by  means  of  a  piece  of  brass,  to  a  brass  arbor,  this  arbor 
being  pivoted  at  its  extremities,  and  weighted  so  as  to  keep  the 
small  iron  rod  in  the  position  shown,  f  and  p  are  two  small  soft 
iron  slabs,  placed  end  to  end,  but  just  sufficiently  far  apart  for  the 
small  iron  rod,  a,  to  swing  freely  between  them. 

The  coil  encircles  these  slabs,  the  arbor,  and  its  attachments  ; 
and  when  a  current  passes  through  it,  the  lines  of  force  gather  up 
into  the  slabs,  and  pass  lengthways  along  them,  say  from  p  to  f, 
with  the  result  that  there  is  a  comparatively  dense  field  in  the  air 
space  between  their  opposing  ends. 

In  its  normal  position  the  small  iron  rod,  a,  lies  above  and 
almost  outside  this  dense  field,  and  we  have  seen  that  a  piece  of 
iron  so  situated  is  always  urged  from  a  weak  part  towards  the 
strongest  part  of  the  field.  Consequently,  the  iron  rod,  «,  is  drawn 
down  against  the  restraining  force 
of  gravity  which   acts   on  the  Fic.  67. 

counterbalancing  weight,  and, 
as  an  increase  in  the  current 
strength  will  add  to  the  number 
of  lines  and  to  the  force  of  attrac- 
tion, the  distance  through  which  ^ 
the  iron  rod  is  moved  may  be 
made   to   indicate   the  current 

strength.  But  the  depression  of  the  iron  rod  is  not  proportional 
to  the  increase  in  the  current,  consequently  an  ordinary  degree 
scale,  or  any  other  equally  divided  scale,  cannot  be  employed. 

It  should  be  explained  that,  as  shown  in  fig.  68,  the  two  iron 
slabs  (p,  f,  67)  are  fixed  upon  a  stout  brass  strip,  the  remote  end 
of  which  carries  a  brass  disc  forming  one  bearing  for  the  arbor. 
At  the  near  end  of  the  strip  is  a  larger  disc,  provided  with  a  hole 
through  which  the  spindle  freely  passes,  having  also  fixed  to  it  a 
smaller  brass  disc  which  forms  the  other  bearing  for  the  arbor. 
Between  these  two  last-mentioned  discs  is  a  space  sufficient  for 
the  pointer  to  swing  fi^eely  throughout  its  range,  and  a  small  arm 
is  also  attached  to  the  arbor,  its  end  being  tapped  to  fit  a  small 
nut  which  acts  as  the  counterpoise,  keeping  the  pointer  at  zero 
when  no  current  is  passing  through  the  coils.  The  scale-plate  is 
vertical,  so  that  the  instrument  can  be  placed  against  a  switchboard 
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or  wall,  and  its  indications  conveniently  read.  The  calibration  is 
carefully  performed,  and  a  separate  scale  is  made  for  each  instru- 
ment, instead  of  the  instruments  being  adjusted  to  suit  a  common 
scale,  with  more  or  less  accui^cy,  as  is  frequently  done. 

The  ends  of  the  iron  slabs  on  the  further  side,  as  viewed  in 
fig.  67,  are  curved  slightly,  and  by  altering  this  curvature,  the 
force  with  which  the  iron  rod  is  attracted  in  any  given  position 
can  be  varied.  This  enables  the  scale  to  be  made  to  suit  the 
work  for  which  the  ammeter  is  intended  ;  for  instance,  an  instru- 
ment whose  range  of  measurement  is  from  20  to  200  amperes 
may  be  required  for  use  on  a  circuit  where  the  working  current 
should  never  rise  above  130  nor  fall  below  90  amperes,  and  in 
such  a  case  it  might  be  necessary  to  be  able 
Fig.  68.  to  measurc  exactly  the  value  of  the  current 

between  those  limits,  while  the  upper  and 
lower  parts  of  the  scale  would  simply  be 
used  to  indicate  with  certainty  the  fact  of 
the  current  being  either  considerably  too 
high  or  too  low. 

In  such  an  ammeter  the  slabs  would  be 
so  shaped  that  a  given  increase  in  the  cur- 
rent  strength   would   move  the   iron   rod 
through  a  much  greater  distance  when  near 
the  middle  of  its  swing,  than  an  equal  in- 
crease would  move  it  when  it  is  near  either 
the  zero  position  or  the  extreme  end  of 
its  journey.      Consequently   on   calibrating  the  instrument,   we 
should  obtain  a  scale  open  in  the  centre,  and  closed  at  the  ends 
— that  is  to  say,  with  much  larger  divisions  in  that  part  where 
the    most    accurate   measurements    are    required   to   be'    made. 
The  scale  could,  of  course,  if  required,  be  made  open  at  the 
ends  and  closed  in  the  middle,  or,  in  fact,  varied  at  any  part 
to  suit   special   requirements.     For  comparatively   low   currents 
the  magnetising  coil  is  wound  with  thick  insulated  copper  wire, 
but  for  heavy  currents,  such  as  from  200  to  1,000  amperes,  a 
specially  constructed  coil  is  employed.      If  the   conductor  has 
any  appreciable  resistance,  such  heavy  currents  develop  a  con- 
siderable amount  of  heat,  and  a  cotton  or  silk  insulating  cover- 
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ing,  besides  impeding  radiation,  is  very  liable  to  get  damaged. 
The  best  insulator  is  air,  which  is  practically  a  perfect  non- 
conductor, and  indestructible,  and  has  the  advantage  that  it 
moves  away  when  at  all  heated,  its  place  being  taken  by  colder 
air;  the  insulating  material  thus  tends  to  keep  the  conductor 
cool  instead  of  preventing  the  escape  of  heat,  and  only  in  very 
exceptional  cases  does  the  irrregular  dissipation  of  heat  by  the 
air  currents  introduce  any  error.  Fig.  69  illustrates  the  magnet- 
ising coil  employed  to  carry  heavy  currents.  It  consists  of  a 
massive  cylindrical  tubular  casting  of  copper,  the  central  or  axial 
hole  (visible  at  the  top  of  the  figure)  being  just  large  enough  to 
admit  the  brass  strip  with  the  slabs,  &c.,  shown  in  fig.  68. 

Fig.  69 


It  is  divided  by  saw -cuts  to  form  a  *coil.'  The  current,  enter- 
ing, say,  by  the  straight  connecting  bar  a,  passes  up  the  vertical 
strip  to  the  top  of  the  cylinder,  and  thence  round  the  coil  from 
back  to  front.  It  then  passes  down  to  the  next  convolution  at 
the  left  of  the  drilled  hole,  where  this  particular  saw-cut  terminates, 
and  thence  round  the  coil  again  to  the  beginning  of  the  third 
convolution,  at  the  right  of,  and  underneath,  the  drilled  hole. 
After  again  going  round  the  coil  the  current  leaves  by  the  bar  u. 
It  thus  takes  about  2^  complete  turns  round  the  coil,  which,  with 
a  current  of  300  amperes,  would  give  750  ampere  turns. 

It  will  be  evident  that  such  a  coil  has  very  little  resistance, 
and  that  therefore  the  power  absorbed  and  the  amount  of  heat 
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developed  in  it  will  be  correspondingly  small.  The  instrument  may 
consequently  be  kept  continuously  in  circuit  without  any  risk  of 
damage  or  serious  waste  of  energy.  The  bars  by  which  connec- 
tion is  made  are  long  and  straight,  to  prevent  the  current  in  the 
leading  wires  affecting  the  '  needle/  for  without  these  precautions  a 
considerable  error  might  be  introduced,  owing  to  the  powerful 
currents  flowing  through  the  leads.  These  bars  are  also  shown  in 
fig.  70,  which  illustrates  an  ammeter  designed  to  measure  up  to 
1,000  amperes.  In  this  case  the  'coil'  consists  of  a  massive 
cylinder  divided  on  one  side  by  a  radial  saw-cut,  and  the  current 
makes  but  |  of  a  turn  round  the  needle,  thus  again  giving,  with 
1,000  amperes,  750  ampere  turns. 

There  is  one  possible  source  of  error  with  instruments  of  this 
description  due  to  the  retentivity  of  the  iron,  but  by  exercising 
great  care  in  the  selection  and  treatment  of  the  metal,  this 
error  has  been  practically  eliminated.  The  iron,  in  fact,  is  not 
touched  by  a  tool  after  it  has  been  annealed,  the  film  of  oxide 
formed  during  that  operation  being  simply  dissolved  by  immersion 
in  an  acid.  Perhaps  the  best  way  of  testing  for  inaccuracy  due  to 
this  cause  is  to  take  two  sets  of  readings,  one  with  ascending 
values  of  the  current  from  zero  to  the  maximum,  and  the  other 
with  corresponding  descending  values.  Any  retentivity  of  the  iron 
would  cause  the  latter  set  of  readings  to  be  higher  than  the  former, 
but  in  these  instruments  the  results  are  practically  identical. 

Although  it  is  not  so  easy  to  accurately  measure  a  current  of 
several  hundred  amperes  as  it  is  to  measure  a  few  amperes  or  a 
fraction  of  an  ampere,  all  these  ammeters  are  calibrated  by  having 
their  full  current  passed  through  them,  and  its  effect,  as  indicated 
by  the  pointer,  carefully  observed. 

The  required  current  strength  is  obtained  by  means  of  secon- 
dary batteries,  which  are  charged  in  series  and  joined  up  in  parallel 
for  discharging,  and  in  order  to  insure  greater  accuracy  a  definite 
fraction  only  of  the  whole  current  is  measured  by  the  standardising 
instrument.  For  example,  if  it  is  desired  to  calibrate  an  ammeter 
which  is  capable  of  measuring  from  40  to  400  amperes,  it  is  joined 
up  in  series  with  the  secondary  battery,  and  a  set  of  100  rather 
stout  iron  wire  resistances,  these  wires  being  all  joined  up  in  parallel, 
and  placed  so  as  to  have  equal  facilities  for  cooling.     A  standard 
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ammeter  is  joined  up  in  circuit  with  one  of  these  iron  wire  resist- 
ances, and  a  length  of  the  iron  wire  equal  in  resistance  to  that  of 
ihe  standard  instrument  is  removed,  so  that  this  compound  branch, 

Fic.  70. 
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formed  of  a  portion  of  iron  wire  and  the  ammeter,  is  equal  in 
resistance  to  each  of  the  other  99  branches  consisting  only  of  iron 
wire.  This  standard  ammeter  is  calibrated  with  extreme  care,  and 
as  the  main  current  divides  equally  among  the  100  branches,  the 
instrument  accurately  measures  one-hundredth  of  it,  so  that  for  the 
maximum  current  of  400  'amperes  it  is  only  necessary  to  measure 
4  amperes — a  comparatively  easy  matter.  For  1,000  amperes  it 
would  thus  be  necessary  to  measure  only  10  ;  but  an  ammeter 
designed  to  measure  such  a  high  current  is  conveniently  calibrated 
by  joining  in  series  with  it  two  500-ampere  meters  which  are  them- 
selves connev^ted  together  in  parallel. 

Some  thousands  of  instruments  constructed  as  described  are  in 
daily  use,  but  an  improved  design  has  been  introduced  which  is 
even  more  easily  adaptable  to  all  classes  of  work,  and  enables  any 
part  of  the  scale  to  be  made  open  when  desired  with  great  ease 
and  certainty. 

The  essential  difference  is  in  that  part  of  the  instrument  which 
is  placed  within  the  coil,  and  which  is  now  of  exactly  the  same  con- 
struction for  ammeters  and  voltmeters  of  all  sizes,  whether  for 
alternating  or  direct  currents.  By  reference  to  figs.  109  and  no 
which  illustrate  the  voltmeter,  it  will  be  seen  that  the  fixed  iron 
slabs  and  movable  rod  are  replaced  by  two  curved  iron  pieces,  the 
outer  one  being  fixed  and  concentric  with  the  inner  one  which  is 
mounted  on  the  spindle.  When  the  pointer  stands  at  zero,  the 
inner  piece  of  iron  is  covered  by  the  outer  one,  but  when  a  current 
passes  through  the  coils,  the  lines  of  force  endeavour  to  make  the 
magnetic  current  as  good  as  possible,  and  in  order  to  effect  this 
they  urge  the  inner  piece  round  towards  the  position  where  the 
two  pieces  would  form  an  approximately  complete  cylinder  or  tube 
of  iron.  A  counterpoise  similar  to  that  in  the  older  type  of  instru- 
ment acts  against  this  magnetic  force  urging  the  pointer  back  to  zero. 
The  coil  of  the  instrument  with  its  iron  moving  part  is  partly 
enclosed  in  a  casing  of  soft  iron  to  shield  it  from  external  magnetic 
disturbances,  thus  rendering  the  disposition  of  the  leads  connected 
to  the  terminals  a  less  important  matter  than  would  otherwise  be 
the  case. 

When  such  an  electro-magnetic  ammeter  is  employed  for  the 
measurement  of  alternating  currents  the  general  tendency  is  for  its 
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Fig.  7t. 


readings  to  be  lower  than  the  correct  value  if  it  is  calibrated  to  be 
correct  for  direct  currents,  chiefly  on  account  of  the  eddy  currents 
which  are  set  up  in  the  framework  and  metal  parts  in  the 
vicinity  of  the  coil. 

As  a  matter  of  fact,  it  is  found  that  the  ammeters  under  con- 
sideration indicate  about  2  per  cent,  lower  than  the  true  value  of 
such  an  alternating  current.  This  error  is  corrected  by  permanently 
shunting  the  main  ammeter  coil  by  a  smaller  coil  of  copper  wire 
which  is  overwound  with  thin  iron  wire  in  order  to  raise  its  self- 
induction  to  the  desired  value. 
The  resistance  of  this  subsidiary 
coQ  is  such  that  it  takes  5  per 
cent,  of  the  total  current  when 
the  current  is  a  continuous  one, 
and  of  course  the  ammeter  is 
calibrated  accordingly  to  indicate 
the  value  of  the  total  current. 
When  the  instrument  is  used  to 
measure  alternating  currents,  the 
shunt  coil  takes  less  than  5  per 
cent  of  the  total  current  because 
its  self-induction  is  greater  in  pro- 
portion to  that  of  the  main  coil 
than  is  its  resistance ;  and  the 
value  given  to  the  self-induction 
of  the  shunt  coil  by  overwinding 
it  with  iron  wire  as  mentioned 
above  is  just  enough  to  reduce 

its  shunting  power  sufficiently  to  annul  the  error  of  2  percent,  low 
reading  which  would  otherwise  exist. 

A  simple  form  of  gravity  ammeter  is  that  shown  in  fig.  71,  and 
made  by  the  Soci^^  des  T^l^phones  de  Zurich.  The  indicating 
needle  is  attached  to  a  peculiarly  shaped  tongue  of  very  thin  soft 
sheet  iron,  a,  which  is  furnished  at  intervals  with  a  number  of 
holes.  These  holes  afford  a  means  of  adjusting  the  sensibility  of  the 
instrument  and  making  the  scale  open  near  any  desired  reading. 
As  the  current  passing  through  the  coil  increases  in  strength  the 
tongue  is  drawn  up  into  the  bobbin  and  the  needle  made  to  pass 
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over  the  scale  on  the  face  of  the  instrument.  We  rarely  come 
across  this  instrument  in  practice,  hut  its  construction  is  exceed- 
ingly simple,  and  the  principle  is  so  clear  that  it  may  be  taken  as  a 
pattern  for  laboratory  construction. 

Lord  Kelvin  has  designed  an  important  series  of  instruments 
for  the  measurement  of  current  strength  which  are  based  upon  the 
fact,  already  discussed  in  connection  with  the  Siemens  dynamo- 
meter, that  repulsion  or  attraction  takes  place  between  two  adja- 
cent conductors  carrying  currents  according  to  the  direction  in 
which  the  currents  respectively  flow.  These  instruments  are  not 
suitable  for  use  as  ammeters  in  ordinary  practical  work,  but  they 
are  exceedingly  useful  for  accurate  measurement  in  experimental 

Fig.  73. 


work,  and  as  standards  for  the  calibration  and  verification  of  ordi- 
nary ammeters.  In  fig.  72  we  illustrate  the  standard  kilo-ampere 
balance,  which  is  perhaps  one  of  the  easiest  to  understand.  It  is 
designed  to  measure  currents  from  25  amperes  up  to  2,500 
amperes.  The  movable  conductor  is  a  massive  copper  rectangle, 
capable  of  rocking  through  a  small  arc  about  an  axis  parallel  to 
the  shorter  sides.  It  is  placed  directly  over  a  second  rectangle 
which  is  fixed  on  the  slate  base,  and  which  for  convenience  in  con- 
struction is  made  up  of  ten  copper  strips  whose  ends  are  soldered 
together  to  form  one  massive  conductor.  The  principle  of  the 
instrument  may  be  gathered  from  fig.  73,  where  the  arrows 
indicate  the  direction  in  which  the  current  flows  in  the  various 
parts  of  the  instrument. 
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It  will  be  seen  that  the  current  passes  completely  round  the 
lower  fixed  conductor,  and  then  divides  at  one  of  the  supports  of 
the  upper  movable  rectangle,  the  two  currents  meeting  again  at  the 
second  support  and  passing  away  thence  to  the  external  circuit. 
It  follows  that  on  the  left-hand  side  of  the  axis  of  the  movable 
rectangle  the  currents  in  the  adjacent  parts  of  the  movable  and 
fixed  rectangles  flow  in  the  same  direction,  hence  there  will  be  a 
force  of  attraction  ;  while  on  the  right-hand  side  the  currents  flow 
in  opposite  directions,  and  consequently  the  force  will  be  one  of 
repulsion.  Both  forces  therefore  tend  to  tilt  the  movable  rect- 
angle in  the  same  direction,  depressing  the  left-  and  raising  the 
right-hand  side.  The  rectangle  is,  however,  kept  in  a  horizontal 
position  by  means  of  a  weight  which  slides  along  a  graduated 
arm,  and  the  current  strength  tending  to  deflect  the  rectangle 
is  deduced  from  the  value  of  the  weight,  and  its  position  on  the 
scale  when  the  balance  is  restored.  One  of  the  features  of  the 
instrument  is  the  arrangement  for  conducting  the  heavy  current 
to  and  from  the  movable  rectangle  without  risk  of  impeding 
its  movements  or  heating  the  supports.  This  is  efl*ected  by 
suspending  the  rectangle  from  the  ends  of  the  horizontal  shaft  by 
a  large  number  of  short  fine  copper  wires.  About  i,6oo  such 
wires  are  employed  in  the  instrument  illustrated.  The  readings 
being  taken  when  the  rectangle  is  in  its  zero  position,  it  is  only 
necessary  to  ensure  perfect  freedom  of  motion  through  a  small 
distance  on  either  side  of  zero,  and  this  condition  is  perfectly 
satisfied  by  the  arrangement  adopted. 

The  next  instrument  in  the  series  has  a  range  of  from  6  to 
600  amperes,  and  it  is  practically  the  same  as  the  one  illustrated, 
the  main  difference  being  that  the  ten  strips  of  the  lower  or  fixed 
rectangle  are  joined  in  series  instead  of  in  parallel. 

In  the  instruments  which  are  designed  to  measure  still  smaller 
currents  the  movable  portion  consists  of  two  circular  coils  fixed  at 
opposite  ends  of  a  beam  which  rocks  about  its  centre.  These 
coils  are  connected  so  that  the  current  flows  through  them  in  series 
and  in  opposite  directions.  Each  of  these  coils  plays  between  a 
pair  of  fixed  coils,  one  above  and  the  other  below  it,  the  current 
in  each  upper  fixed  coil  flowing  in  the  opposite  direction  to  that 
in  the  lower  fixed  coil,  while  it  flows  in  the  same  direction  in  the 
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two  lower  and  the  two  upper  coils  respectively.  The  whole  of  the 
six  coils  are  joined  in  series,  and  the  net  result  is  that  the  beam  is 
tilted  as  in  the  case  illustrated  in  fig.  73,  because  the  right-hand 
movable  coil  is  attracted  from  above  and  repelled  from  below, 
while  the  left-hand  coil  is  repelled  from  above  and  attracted  from 
below. 

The  instruments  for  measuring  the  smaller  currents  have  of 
necessity  considerable  resistance,  and  for  that  reason,  if  for  no 
other,  they  are  unsuitable  for  use  as  ordinary  ammeters.  But  as 
they  are  usually  employed  in  series  with  an  ammeter  for  the  purpose 
of  calibration,  this  high  resistance  is  a  matter  of  little  moment. 

Some  skill  is  required  to  effectively  use  these  balances,  but  a 
good  method  of  quickly  calibrating  an  ammeter  is  to  first  set  the 
balance  weight  in  a  position  corresponding  to  a  definite  current, 
and  then  adjust  the  resistance  in  circuit  until  the  balance  indicates 
that  that  exact  current  strength  has  been  obtained.  The  position  of 
the  ammeter  needle  for  this  current  can  then  be  noted,  and  other 
readings  can  be  obtained  \v\  a  similar  manner.  Four  pairs  of  weights 
are  supplied  with  each  instrument,  one  of  every  pair  being  a  sliding 
weight  and  the  other  a  counterpoise,  which  is  placed  in  a  V-shaped 
trough  at  the  right-hand  end  of  the  balance-arm.  A  fine  vertical 
line  is  engraved  on  a  projection  from  the  upper  part  of  the  sliding 
weight  which  moves  in  front  of  the  scale,  and  a  magnifying  glass 
being  also  provided,  the  exact  position  of  the  weight  can  be  deter- 
mined. In  order  to  move  the  weight,  a  sliding  platform,  which  is 
independent  of  the  rocking  part  of  the  apparatus,  is  pulled  either 
to  the  right  or  to  the  left  by  means  of  silk  threads,  and  from  a 
small  arm  carried  by  this  platform  hangs  a  pendant  which  engages 
with  the  sliding  weight  when  the  silk  thread  is  pulled,  and  releases 
itself  from  the  weight  when  the  tension  on  the  thread  is  with- 
drawn. Different  pairs  of  weights  are  provided,  so  that  in  the 
event  of  a  particular  pair  in  use  being  too  light  to  counterbalance 
the  effect  of  the  current  then  flowing,  a  heavier  pair  may  be  em- 
ployed. 

In  the  case  of  the  kilo-ampere  balance  illustrated,  the  first  pair 
of  weights  provided  corresponds  to  5  amperes  per  division  on  the 
scale,  the  second,  third,  and  fourth  pairs  to  10,  20,  and  50  amperes 
respectively. 
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The  lineman's  detector  (figs.  74  and  75)  is  a  very  handy  in- 
strument when  used  for  tracing  circuits  and  localising  faults,  but 
it  must  not  be  regarded  as  a  measuring  instrument.  It  consists  of 
two  ordinary  instrument  bobbins,  mounted  vertically,  and  each 
wound  with  two  coils  of  wire,  one  consisting  of  a  few  turns  of  thick 
wire  and  the  other  of  many  turns  of  fine  wire.  The  former  is 
usually  wound  to  0*2  ohm,  and  the  latter  to  about  100  ohms.  A 
shunt  coil  is  sometimes  added  to  the  thick-wire  coil  to  reduce  its 
sensitiveness.  The  magnet  is  about  an  inch  long,  and  is  mounted 
on  a  horizontal  axis  (see  fig.  76),  so  that  it  can  turn  freely  inside 

Fig.  76. 
Fig.  74.  Fig.  75. 


the  coils,  a  long  non-magnetic  indicating  needle  being  also  fixed 
on  the  front  end  of  the  spindle  and  moving  over  a  graduated  dial. 
One  end  of  each  of  the  coils  is  connected  to  one  or  other  of 
the  outer  terminals  on  the  top  of  the  case,  the  other  two  ends 
being  both  joined  to  the  centre  terminal.  Constructed  as  de- 
scribed, the  needle  should  be  deflected  through  40"*  or  50°  by  a 
current  flowing  through  the  thin-wire  coil,  of  10  milliamperes— 
that  is  to  say,  from  a  single  Daniell  cell  having  an  internal  resis- 
tance of  7  ohms.  The  thick-wire  coil  should,  with  the  same  cell 
giving  a  current  of  150  milliamperes,  cause  a  deflection  of  20° 
to  30°. 
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CHAPTER  ^V. 

MEASUREMENT   OF   RESISTANCE 

When  the  difference  of  potential  in  volts  between  the  two  ends 
of  a  wire  is  known,  and  also  the  current  in  amperes  which  that 
difference  of  potential  is  able  to  maintain  in  the  wire,  then  the 
resistance  of  that  wire  in  ohms  may  easily  be  calculated,  for  by 
Ohm's   law  it  is  equal  to  the  number  of  volts  divided   by  the 

number  of  amperes,  or  r  =  -,  where  E  stands  for  the  electro- 
motive force  in  volts,  c  for  the  current  strength  in  amperes,  and  r 
for  the  resistance  in  ohms.  If,  for  instance,  a  difference  of  poten- 
tial or  an  electro- motive  force  of  15  volts  between  the  two  ends  of 
a  wire  were  able  to  maintain  a  current  of  2  amperes  through  it, 

then  its  resistance  would  be  -^  =  7-5  ohms.  But  if  the  resulting 
current  were  only  2  milliamperes,  then  the  resistance  would  be 

^^   =  7500  ohms.     With  one  or  other  of  the  instruments  de- 
•002 

scribed  in  the  preceding  chapter,  the  current  flowing  may  be 
measured,  and  in  the  next  chapter  it  is  shown  how  the  difference 
of  potential  between  any  two  points  of  a  circuit  may  be  measured 
in  volts  ;  and  this  method  is  perhaps  the  best  that  can  be  devised 
for  finding  the  value  of  very  low  resistances.  But  sometimes 
we  know,  without  the  necessity  for  measurement,  the  maximum 
difference  of  potential  or  electro-motive  force  which  a  certain 
current-generator  can  produce,  and  this  knowledge  will  enable  us 
in  certain  cases  to  calculate  resistance  after  merely  measuring 
current  strength. 

If,  for  example,  we  have  a  battery  of  which  we  know  the  electro- 
motive force,  say  10  volts,  and  also  the  internal  resistance,  say  20% 
we  may  use  it  to  send  a  current  through  the  tangent  galvanometer. 


Digitized 


by  Google 


136  Electrical  Engineering  chap.  v. 

G,  and  the  unknown  resistance,  jc,  by  joining  them  all  in  series 
as  shown  in  fig.  77.  Suppose  the  resulting  current  to  be  20 
milliamperes  as  measured  by  the  galvanometer,  then  we  may 
find  the  total  resistance  of  the  whole  circuit  by  dividing  the 
electro-motive  force  by  the  current.     The  total  resistance  will  be 

^°  =  500*.  Now,  the  resistance  of  the  battery  and  galvano- 
•02 

meter  is  20  +  320  =  340",  and  if  we  subtract  this  from  the  total 

Fig.  77. 


resistance,  we  get  the  value  of  the  unknown  resistance,  :r,  that  is, 
500  —  340=  i6o*. 

By  using  the  thick-wire  coils  of  the  galvanometer,  and  a  battery 
of  very  low  resistance  as  compared  with  that  of  the  unknown  resist- 
ance, no  serious  error  will  be  made  by  ignoring  the  resistance  of  the 
battery  and  galvanometer,  and  regarding  the  unknown  resistance 
as  the  total  resistance  of  the  circuit.  Under  these  conditions  a 
number  of  fairly  high  resistances  may  be  easily  compared,  for  the 
same  electro-motive  force  will  send  through  each  a  current  which 
is  inversely  proportional  to  the  resistance.  Thus,  if  with  three 
resistances,  n,  ^,  r,  we  get  deflections  of  30,  25,  and  60  tangent 

divisions  respectively,  then,  a  \  d  \  c  w    ~  \       '  ^i 
•^  30     25     60 

that  is,  rz :  ^  :  ^  ::  10  :  12  :  5. 

Presuming  the  galvanometer  to  be  so  adjusted  that  a  deflection 
of  30  tangent  divisions  is  obtained  when  a  current  of  10  milli- 
amperes is  passed  through  the  thick-wire  coil,  and  the  battery 
employed  to  have  an  electro-motive  force  of  2  volts,  then  the 

resistance  of  «  =  --     =  200*.     Therefore,  the  resistance  of  ^  = 
0*01 

240*.  and   of  ^  =  loo*.    As    previously  stated,    however,    the 
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resistance  of  the  battery  and  of  the  galvanometer  must  be  taken 
into  account,  unless  they  are  very  low  indeed  as  compared  with 
the  resistances  which  it  is  desired  to  measure. 

It  should  here  be  observed  that  in  most  of  the  tests  to  be 
described  it  is  necessary  that  a  set  of  resistances  whose  values 
are  known  exactly  should  be  provided.  The  accuracy  of  the 
results  obtained  depends,  in  a  very  great  measure,  upon  the 
accuracy  of  the  values  given  to  these  resistances,  so  that  great 
care  should  be  exercised  in  their  manufacture,  measurement,  and 
use.  In  Chapter  II.  some  of  the  principal  causes  of  inaccuracy 
were  enlarged  upon,  and  it  was  shown  how,  by  avoiding  them,  a 
reliable  set  of  resistance  coils  might  be  produced. 

Assuming  such  a  set  of  coils  to  be  available,  let  us  now  discuss 
its  utility  in  helping  us  to  ascertain  the  resistance  offered  by  other 
conductors. 

If  a  wire,  whose  resistance  we  desire  to  ascertain,  is  joined  up 
with  a  battery  and  galvanometer,  the  current  flowing  will  deflect 

Fig.  78. 
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the  galvanometer  needle  through  a  certain  angle  ;  let  this  angle  be 
accurately  noted.  Then,  if  the  unknown  resistance  is  removed 
from  the  circuit,  and  a  box  of  coils  of  known  resistance  inserted  in 
its  place,  this  same  deflection  may  be  reproduced  by  varying  the 
amount  of  resistance  introduced  by  means  of  the  plugs  or  arms, 
as  described  in  Chapter  II.  The  current  then  deflecting  the 
needle  will  manifestly  be  exactly  the  same  in  strength  as  in  the 
first  case,  and  therefore  (since  the  electro-motive  force  of  the 
battery  is  unaltered)  the  total  resistance  of  the  circuit  must  be 
the  same  as  before.  Hence  the  resistance  in  the  box  is  ec^ual  to 
the  unknown  resistance.  A  convenient  way  of  taking  this  test  is 
shown  in  fig.  78.  R  is  the  set  of  resistance  coils,  x  the  unknown 
resistance,  and  s  is  a  three-way  plug  switch,  consisting  of  three 
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pieces  of  brass,  any  two  of  which  may  be  joined  together  by 
inserting  a  brass  plug  in  the  holes  provided  for  the  purpose 
between  them.  By  means  of  this  switch,  either  :xr  or  r  may  be 
rapidly  placed  in  circuit,  and  it  is  advisable  to  take  a  second  test 
after  r  has  been  adjusted,  to  make  sure  that  the  electro- motive 
force  of  the  battery  has  not  been  altered  by  polarisation  and  so 
have  destroyed  the  accuracy  of  the  test.  The  galvanometer,  c, 
shoyld  be  a  sensitive  one  ;  it  should,  in  fact,  under  all  conditions 
indicate  the  alteration  in  the  current  strength,  caused  by  the 
addition  or  subtraction  of  the  coil  of  lowest  value  in  the  resistance- 
box.  As  by  this  method  the  same  deflection  is  reproduced,  any 
form  of  galvanometer  will  answer  the  requirements,  providing  only 
that  it  is  sufficiently  sensitive.  It  is  not  necessary  to  know  the 
resistance  either  of  the  galvanometer  or  of  the  battery. 

Supposing,  however,  a  tangent  galvanometer  and  a  batter)', 
both  of  very  low  resistance,  to  be  available,  the  currents  which 
the  battery  can  send  through  a  known  and  an  unknown  resistance 
can  be  compared  directly  by  the  deflections  of  the  galvanometer 
needle,  for  if  there  are,  say,  50  tangent  divisions  in  the  first  case 
and  45  in  the  second,  and  the  known  resistance  is  32  ohms,  then 

45  •  50  "  32 :  X, 
because  the  deflection  in  each  case  will  be  inversely  proportional 
to  the  resistance  in  circuit.     Hence,  x  =  35-5  ohms. 

When,  however,  the  resistances  of  the  battery  and  galvano- 
meter are  comparatively  high,  their  values  must  be  known  or 
ascertained,  and  allowed  for  in  accordance  with  Ohm's  law  as 
follows  :  Let  the  resistance  of  the  galvanometer,  g,  be  320",  that 
of  the  battery  r  =  12",  and  the  known  resistance  r  =  560* ;  let 
the  current  with  R  in  circuit  (c,)  give  50  tangent  divisions,  and 
the  current  with  x  in  circuit  (C2)  give  45  tangent  divisions. 

Then,  in  the  first  case, 

c,  =   -    ^        ,  whence  Ci(r  -^  g  +  r)  =  e, 

R  +  G  +  /* 

and  in  the  second  case, 

Co  =  — — ,  whence,  also,  cdx  +  g  +  ^)  =  e, 

Jc  4-  G  -f  r 

therefore  cj^x  +  G  -f  r)  =  c,(r  +  G  +  r), 
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whence,  by  dividing  and  transposing, 

X  =  -^^(r  +  g  +  r)  —  g  —  r. 
C2 

Since    ^  is  merely  a  ratio,  the  strength  of  the  currents  in  milli- 

amperes  need  not  be  known,  the  number  of  tangent  divisions 
produced  by  the  currents  being  inserted  instead  of  c,  and  Cj. 
Inserting  all  the  values,  then,  we  get 

:r  =  ^    (560  4-  320  H-  12)  —  320  —  12 

45 
X  =  659*1  ohms. 

The  resistance  of  the  galvanometer  is  nearly  always  known 
and  engraved  on  the  instrument,  but  it  is  frequently  necessary  to 
measure  the  resistance  of  the  battery  at  the  time  of  making  the 
test.  To  avoid  this  it  is  better  to  use  a  battery  of  very  low  resist- 
ance, and  this  may  usually  be  obtained  by  joining  up  several  sets 
in  parallel. 

The  equation  will  then  stand  : 

x  =  ^»(r  +  g)-g. 

By  inserting  the  values  as  before  we  can  see  the  amount  of  the 

error  caused  in  this  case  by  ignoring  the  battery  resistance  of 

1 2  ohms.  50  /  i:     .         \ 

x—^    (560  +  320)  -  320 

45 

jc  =  6577  ohms. 

The  error  is  thus  but  i'3'' ;  and  it  is  not  difficult  to  get  a  battery 
of  only  about  i  ohm  resistance  to  send  a  sufficiently  strong  current 
for  the  above  test,  when  the  error  would  be  negligibly  small. 

This  method  also  provides  us  with  a  means  of  measuring  the 

resistance  of  a  galvanometer.     For,  let  the  second  reading  be 

taken  through  a  known  resistance  k  =  700*  instead  of  x^  then, 

ignoring  the  battery  resistance,  it  follows  that,  as  before, 

Ci(r  +  g)  =  C2(k  +  g) 

c,r  +  c,g  =  c2k  +  c2g 

G(c,  —  Cj)  =  C2K  —  C,R 
^_  C2K  -C.R 
C,  —  C2 
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Inserting  the  values  we  get 

G  =  45  X  700-50x560  ^        ^hms. 
50-45 

With  the  same  apparatus  the  internal  resistance  of  the  battery 
may  be  measured.  For  if  the  battery  is  joined  up  to  the  low- 
resistance  coil  of  the  galvanometer  (three  or  twelve  turns),  practi- 
cally the  only  resistance  in  the  circuit  will  be  that  of  the  battery  x. 
If  possible,  the  adjustable  magnet  should  be  placed  so  that  the 
deflection  is,  say,  50  tangent  divisions.  Now,  it  will  be  evident 
that  to  halve  the  current  flowing,  the  resistance  in  the  circuit  must 
be  doubled.  If,  therefore,  resistance  r  is  inserted  until  the  deflec- 
tion falls  from  50  to  25  divisions,  the  resistance  R  will  be  equal  to 
the  resistance  x  of  the  battery. 

Sometimes,  however,  the  eff"ect  of  the  controlling  magnet  is 
insufficient  to  produce  a  convenient  deflection,  and  it  is  then 
necessary  to  introduce  some  resistance  in  the  first  test,  say  p,  for 
this  purpose.     Then 

c  =  —     ,  or  oix  +  p)  =  E. 
A*  -I-  p  .     ' 

If,  now,  p  is  increased  to  R  in  order  to  halve  the  deflection, 
and  therefore  halve  the  current  strength, 

then  ^  =  — ^     ,  or  ^(jc  +  r)  =  E, 

2      jc  -I-  R        2^  ^ 

therefore  ^{x  f  r)  =  c(^  -h  p), 

whence  jc  =  r  —  2p. 

For  instance,  if  with  a  low-resistance  galvanometer  it  is  found 
necessary  to  insert  1 1  ohms  in  order  to  bring  the  deflection  down 
to  60  divisions,  and  to  increase  this  resistance  to  31  ohms  in 
order  to  make  the  deflection  30  divisions,  then  the  resistance  of 
the  battery  :v  =  3i  —  22  =  9  ohms. 

In  some  cases  the  resistance  of  a  cell  is  so  very  low  that  it 
becomes  a  difficult  matter  to  measure  it  with  great  accuracy. 
Secondary  cells,  especially,  have  not  only  a  low  resistance,  but 
also  a  comparatively  high  e.m.f.,  so  that  some  special  method  is 
necessary  in  dealing  with  them,  if  accuracy  is  desired. 
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One  useful  method  consists  in  allowing  the  cell  to  send  a 
current  through  a  low  external  resistance  of  known  value,  and  then 
measuring  the  fall  of  potential  which  takes  place  along  this 
resistance.  This  fall  can  be  easily  found  by  subtracting  the 
external  potential  difference  from  the  total  e.m.f.  developed.  As 
the  resistance  of  each  portion  of  the  circuit  is  proportional  to  the 
fall  of  potential  taking  place  along  it,  the  internal  resistance  of 
the  cell  can  then  be  deduced.  One  of  the  hot-wire  voltmeters 
(page  198),  designed  to  indicate  up  to  2-5  volts,  is  a  useful  piece 
of  apparatus  for  this  work.  The  total  e.m.f.  of  the  cell  can  be 
measured  by  joining  the  voltmeter  to  the  cell  terminals,  because 
the  high  resistance  of  the  voltmeter  allows  only  a  feeble  current  to 
be  generated,  so  feeble,  in  fact,  that  the  fall  of  potential  inside 
the  cell  is  exceedingly  low ;  whence  the  potential  difference 
indicated  is  practically  equal  to  the  e.m.f.  developed.  If  a  second 
external  conductor,  but  of  low  resistance,  is  also  joined  to  the  ter- 
minals of  the  cell,  the  total  external  resistance  will  be  considerably 
reduced,  and  the  fall  of  potential  inside  the  battery  proportionally 
increased,  and  a  lower  pressure  will  be  indicated  by  the  voltmeter. 
Consequently,  if  we  denote  the  total  e.m.f.  by  e,  the  fall  of  poten- 
tial in  the  external  and  internal  portions  of  the  circuit  by  p  and  / 
respectively,  the  resistance  of  the  cell  by  r,  and  of  the  known 
external  resistance  by  r,  it  is  evident 


E-P=/, 

and 

p:/  ::  r  :r; 

from  which  we  get 

n 

When  a  battery  of  such  cells  is  to  be  measured— say  twenty — 
it  is  better  to  reverse  nearly  half  of  them — in  this  case,  nine ; 
then  the  resistance  to  be  measured  is  that  of  twenty  cells,  while 
the  E.M.F.  urging  a  current  through  them  is  that  of  only  two  cells. 

The  method  next  to  be  described  depends  upon  the  fact  that 
if  two  conductors  of  exactly  equal  resistance  are  joined  up  *  in 
parallel '  and  placed  in  a  circuit,  as  shown  in  fig.  79,  the  current 
will  divide  equally  between  the  two— that  is,  the  current  in  a  will 
be  exactly  -equal  to  the  current  in  b.    The  converse  of  this  holds 
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good,  viz.  if  we  have  two  conductors  so  joined  up  in  parallel,  and 
we  know  that  the  current  in  a  is  exactly  equal  to  the  current  in  by 
p,t;,  yg,  then  we  are  certain  that 

J  the   resistance   of   a    is 

exactly  equal  to  the  re- 
sistance of  ^. 

The       *  Differential 
Galvanometer '     is     an 
instrument  for  showing 
when    the    currents    in 
two  branch  circuits  are  equal.     In  principle  it  is  very  simple.     It 
consists  of  a  magnetic  needle,  either  pivoted  horizontally  or  verti- 
p,G.  80.  cally,  surrounded  by  two 

distinct  coils  of  wire  of 
exactly  equal  resistance, 
and  wound  so  as  to  act 
with  equal  force  on  the 
needle.  If,  therefore,  a 
current  is  sent  through 
one  coil,  and  a  current 
of  equal  strength  is  at  the 
same  time  sent  through 
the  other  in  the  opposite 
direction,  their  effects  will 
be  neutralised  one  by 
*  the  other,  and  the  needle 
will  not  be  deflected. 
Figs.  80  and  81  illus- 
trate a  really  good  form 
of  differential  galvano- 
meter, for  ordinary  work, 
which  is  used  in  the 
telegraph  service. 

The  soft  iron  needle 
is     vertical,     but      the 
arrangement    for  keeping   it   strongly    magnetised   is  somewhat 
peculiar. 

Fig.  81  shows  side  and  front  elevations  of  the  needle  and 
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magnets.  The  spindle,  which  is  pivoted  at  a  and  b^  is  rather 
massive,  and  a  piece  of  brass  is  inserted  obliquely  at  cc^  as  shown, 
thus  breaking  its  magnetic  continuity.  Each  half  of  the  needle, 
n  s,  is  fixed  at  right  angles  to  one  half  of  the  spindle  at  this  point, 
and  the  whole  is  embraced  by  two  horse-shoe  magnets,  placed 
with  their  like  poles  adjacent,  as  shown  in  the  figure.  These 
magnets  form  a  very  strong  field  in  the  space  in  which  the  spindl8 

Fig.  81. 


lies.  A  large  number  of  the  lines  of  force  pass  through  the  spindle, 
but  when  they  reach  the  break  in  the  iron  at  cc  they  bend  upwards 
through  the  soft  iron  needlefrom  one  side,  and  downwards  from  the 
other  side,  the  result  being  that  the  needle  is  magnetised  with  its 
north  pole  downwards.  On  one  end  of  the  spindle  is  fixed  a 
blackened  brass  pointer,  //,  which,  passing  over  or  in  front  of  a 
circular  dial  divided  into  degrees,  indicates  the  movements  of  the 
needle.  The  two  wires,  each  offering  $0'^  resistance,  are  wound  side 
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by  side  over  two  separate  bobbins,  so  that  the  corresponding 
portions  of  each  wire  are  equally  disposed  in  relation  to  the  needle 
and  exert  equal  magnetic  effects  upon  it.  This  method  is,  of  course, 
far  in  advance  of  the  old  instrument-makers'  method  of  winding 
one  wire  alone  on  one  bobbin  and  the  other  on  another  bobbin. 
The  tests  for  a  differential  galvanometer  are  that,  if  powerful  but 
Ajual  currents  are  sent  in  opposite  directions  through  the  coils, 
no  effect  should  be  produced  upon  the  needle  :  each  coil  used 
separately  should  produce  equal  but  opposite  deflections  with  the 
same  current,  and  the  coils  should  offer  exactly  the  same  resist- 
ance. The  inner  ends  of  the  two  wires  on  the  bobbins  are  respec- 
tively joined  together  and  the  other  four  ends  connected  to  as 
many  terminals  on  the  back  of  the  instrument.  This  allows  the 
current  to  be  sent  through  the  coils  in  several  ways.  First  through 
one  coil  only,  resistance  50*.  Secondly,  through  both  coils  in 
series  in  such  a  direction  that  they  act  upon  the  needle  in  the 
same  manner,  when  the  resistance  will  be  loo"  and  the  deflective 
action  doubled,  provided  the  increase  of  resistance  does  not 
sensibly  reduce  the  current  Thirdly,  through  both  coils  in 
parallel  and  in  the  same  direction  ;  the  resistance  in  this  case  will 
be  25*,  and  the  deflective  action  the  same  as  that  of  one  coil  only. 
Fourthly,  through  both  in  parallel,  but  in  opposite  directions,  when 
the  needle  should,  as  already  stated,  be  unaffected.  Lastly,  through 
both  coils  in  series  in  opposite  directions,  when  the  needle  should 
also  be  unaffected.  This  last  method  of  joining  up  is  also  useful 
for  proving  if  the  deflective  effects  of  the  two  coils  are  equal,  for  the 
same  current  passes  through  each  irrespective  of  their  resistance. 

Although  the  wires  are  wound  side  by  side  throughout,  it  is 
very  rarely  that  they  are  found,  in  making  up  the  instrument,  to 
act  with  equal  force  on  the  needle.  There  are  three  ways  of 
attaining  this  result  without  affecting  the  resistance.  The  position 
on  the  bobbins  of  a  portion  of  either  or  both  of  the  wires  may  be 
altered  ;  or  a  part  of  the  wire  which  has  the  greater  effect  may  be 
unwound  and  wound  back  on  the  bobbin  in  the  opposite  direction ; 
or  the  stronger  may  be  unwound  until  an  exact  balance  is  obtained, 
when  the  length  so  unwound  may  be  coiled  up  in  the  base  of 
the  instrument,  where,  if  wound  *  double,'  it  will  have  no  effect  on 
the  needle. 
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The  lower  half  of  the  needle  is  made  heavier  than  the  upper, 
to  keep  it  in  the  vertical  position  and  to  restore  it  to  that  position 
on  the  cessation  of  the  current ;  and  the  current  acts  against  this 
greater  weight  when  it  deflects  the  needle.  The  arm  at  which 
this  weight  acts  increases  with  the  deflection  of  the  needle,  so  that 
the  angle  of  deflection  cannot  be  simply  proportional  to  the  current 
strength.  The  relation  between  the  current  and  the  deflection  is, 
moreover,  irregular  in  consequence  of  the  peculiar  shape  of  the 
needle  (shown  in  fig.  8i ),  and  the  proportional  deflection  diminishes 
with  an  augmentation  of  the  current,  not  only  because  of  the  in- 
creased effect  of  the  weight,  but  also  because  the  field  due  to  the 
ciurent,  although  almost  uniform  inside  the  coil,  is  far  from  being 
so  near  the  edges  and  just  outside. 

But  at  present  we  shall  only  consider  the  use  of  the  instru- 
ment with  the  needle  at  or  near  zero,  at  which  point,  it  may  be 
mentioned,  it  is  most  sensitive. 

Provided  with  this  instrument,  a  battery,  and  a  set  of  resistance 
coils  of  sufficient  range,  we  are  in  a  position  to  rapidly  measure 
unknown  resistances. 

Fig.  82  shows  the  best  way  of  making  the  connections,  g  is 
the  galvanometer,  r  a  set  of  resistance  coils,  x  the  unknown 
resistance,  and  k  a  key 
for  closing  the  battery 
circuit  On  depressing 
the  key,  the  current  will 
divide  at  a  c,  the  junction 
of  the  two  coils  of  the 
galvanometer,  part  passing 
through  the  coil  ab  and 
R,  and  the  remainder 
through  the  other  coil  cd 
and  X,  back  to  the  battery. 

Supposing  R  to  be  of 
less  resistance  than  x^ 
then  a  greater  part  of  the 

current  will  pass  through  a  b  and  R  than  through  c  d  and  x^  con- 
sequently the  needle  will  be  deflected  to  one  side.  By  increasing 
R  this  excess  of  current  will  be  diminished,  and  the  deflection  of 

L 


Fig.  83. 
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the  needle  also  decreased,  until  the  needle  again  stands  at  zero. 
Then  the  currents  flowing  through  both  coils  of  the  galvanometer 
are  equal,  and  therefore  the  resistance  of  both  branches  must  be 
equal,  that  is  to  say, 

j;  +  50-  =  R  +  50- 

that  is,  .r  =  R. 

By  further  increasing  r,  the  needle  would  be  again  deflected, 
but  in  the  opposite  direction  to  that  previously  obtained. 

Before  making  a  test  it  is  advisable  to  find  out  and  note  in 
which  direction  the  needle  is  deflected  when  r  is  too  large  or  too 
small,  so  that  immediately  the  needle  moves  to  one  side  or  the 
other,  we  may  know  whether  it  is  required  to  decrease  or  increase  r. 

It  may  be  necessary  to  measure  resistances  which  are  either 
higher  or  lower  than  any  which  can  be  inserted  in  the  box  r. 
The  range  can  then  be  extended  by  shunting  one  coil  of  the 
galvanometer — say  by  a  wire  one-ninth  of  the  resistance  of  the 
coil.  Then,  as  only  one-tenth  of  the  current  in  that  branch  will 
pass  through  the  galvanometer  coil,  a  balance  will  be  obtained 
when  the  total  resistance  in  that  branch  is  one-tenth  of  the 
resistance  of  the  other.  For  instance,  suppose  the  coil  of  the 
galvanometer  connected  to  R  to  be  so  shunted,  and  a  balance 
to  be  obtained,  when  the  resistance  in  r  amounted  to  650*  ;  then 
the  unknown  resistance  would  be  6,500"  nearly.  We  say  nearly, 
because,  in  order  to  obtain  a  perfectly  accurate  result,  compen- 
sating resistance  must  be  inserted  to  make  the  resistance  of  the 
shunted  galvanometer  coil  equal  to  50",  as  explained  in  the  pre- 
ceding chapter. 

In  measuring  electro-magnets  or  any  single  wound  coils,  a 
sudden  jerk  of  the  needle,  due  to  self-induction  (see  Chapter  VII.), 
will  always  be  noticed  on  making  and  breaking  the  circuit.  In 
such  cases  care  should  be  taken  to  see  that  the  needle  rests  at 
zero  when  no  current  is  flowing,  and  then  the  key  should  be 
depressed  and  the  adjustments  made  with  a  steady  uninterrupted 
current  until  the  needle  again  comes  to  zero. 

The  differential  galvanometer,  although  a  first-rate  instrument 
for  comparing  two  resistances  by  the  equalisation  method,  loses  in 
simplicity  and  rapidity  when  shunts  have  to  be  used  and  allowed  for. 
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By  means,  however,  of  a  piece  of  apparatus  known  as  the  *  Wheat- 
stone  Bridge,'  the  value  of  any  resistance  can  be  readily  measured. 
The  principle  of  this  invaluable  apparatus  is  very  simple,  and  is 
explained  by  the  diagram  (fig.  Z^),  Let  us  suppose  two  wires, 
\a  CB  and  a  b  d b^  either  equal  or  unequal  in  resistance,  to  be 
joined  up  in  parallel  and  a  current  sent  through  or  divided  between 
them,  as  shown  in  the  figure.  The  current  will,  as  already  ex- 
plained, divide  itself  between  the  two  wires  inversely  as  their 
resistances,  but,  for  our  present  purpose,  the  current  strength  is  a 
matter  of  little  or  no  importance. 

If,  now,  one  terminal  of  a  galvanometer,  g,  is  joined  to  any 
point,  Cy  in  one  wire,  and  the  other  terminal  to  a  point,  gj  in  the 


other,  very  near  to  the  junction  b,  a  deflection  of  the  galvano- 
meter needle  will  be  observed,  indicating  a  current  flowing  from 

On  removing  the  galvanometer  wire  from  g  and  joining  it  to 
another  point,  h^  also  in  the  second  wire,  but  very  near  to  a,  the 
galvanometer  will  again  indicate  a  current,  but  flowing  in  the 
reverse  direction,  viz.  from  h  io  e.  If  contact  were  successively 
made  at  points  along  the  wire  x  fi  d  b  farther  from  a,  the  current 
would  become  feebler  and  feebler  until,  finally,  a  point,/  would 
be  found  at  which  the  needle  would  not  be  affected  at  all,  showing 
the  absence  of  a  current  through  the  galvanometer. 

There  can  be  but  one  explanation  to  these  experiments.  It 
was  clearly  laid  down  and  demonstrated  in  Chapter  II.  that  when- 
ever a  current  of  electricity  flows,  it  invariably  does  so  in  virtue  of 
a  difference  of  potential  between  the  extremities  of  the  conductor 
through  which  it  flows,  and,  conversely,  whenever  the  extremities 
of  a  conductor  are  at  different  potentials  a  current  flows  through 
it.  These  two  facts  must  never  be  lost  sight  of,  for  they  constitute 
the  key  to  a  host  of  electrical  phenomena  and  problems.    Inasmuch, 
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then,  as  it  was  seen,  by  the  evidence  of  the  galvanometer,  g,  fig.  83, 
that  a  current  passed  through  it  when  its  terminals  were  connected 
to  the  points  e  and  g^  and  to  the  points  e  and  ^,  the  currents 
flowed  as  a  consequence  of  differences  of  potential  between  the 
respective  points.  And  the  absence  of  a  current  on  connecting 
the  points  e  and /together  is  an  equally  clear  proof  that  those  two 
points  were  at  the  same  or  equal  potentials.  If  we  suppose  a  to 
be  at  a  higher  potential  than  b,  and  connect  the  galvanometer 
directly  to  those  points,  so  that  it  shall  share  the  current  arriving 
at  A,  the  needle  will  be  deflected  to  one  side  or  the  other,  the 
particular  deflection  being  governed  by  the  direction  of  the  current 
round  the  needle.  I^t  us  suppose  the  deflection  to  be  to  the 
right.  Then,  on  connecting  the  galvanometer  to  a  and  ^,  or  even 
to  e  and  g^  the  deflection  will  also  be  to  the  right,  and  will  establish 
the  fact  that  the  potential  at  e  is  higher  than  that  at  g.  On  the 
other  hand,  the  opposite  deflection  which  is  obtained  when  the 
galvanometer  is  connected  to  e  and  h  affords  ample  proof  that 
the  potential  at  h  is  higher  than  that  at  e.  Now,  as  the  ends  of  the 
two  wires  connected  at  a  are  always  at  the  same  potential,  and  as 
the  ends  at  b  are  also  at  the  same  potential,  although  lower  than 
that  at  A,  it  follows  that  the  fall  of  potential  along  a  a  ^  b  must 
equal  that  along  Kb  d'B,  It  also  follows  that  if  we  .fix  upon  any 
one  point  in  either  of  the  wires,  there  must  always  be  a  point 
somewhere  in  the  other  wire  which  will  be  at  exactly  the  same 
potential,  and  if  these  two  points  are  connected  together  no  current 
can  possibly  flow  between  them.  Herein  is  the  underlying  prin- 
ciple of  the  Wheatstone  bridge. 

We  must  now  endeavour  to  discover  what  relation,  if  any, 
exists  between  the  resistances  of  the  four  sections  into  which  these 
wires  are  divided.  Let  the  resistance  of  the  section  between 
A  and  e  be  denoted  by  a,  that  between  a  and  /  by  by  between  e 
and  B  by  c,  and  between /and  b  by  d. 

The  difference  of  potential  between  a  and  e  is  equal  to  that 
between  a  and/;  call  this  Pi- 

Again,  the  difference  of  potential  between  e  and  b  is  equal  to 
that  between /and  b  ;  call  this  Pj. 

Now  we  have  seen  that  in  every  case  (since  by  Ohm's  law 
E  =  cr)  the  difference  of  potential  between  any  two  points  i« 
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equal  to  the  current  flowing,  multiplied  by  the  resistance  of  the 
conductor  between  those  points. 

Suppose  the  current  flowing  in  the  upper  branch,  a  ^  b,  to  be  C|, 
and  that  in  the  lower  branch,  a/b,  to  be  Cj. 

Then  Pi  =  C|  x  a\ 

also  Pj  =  Ca  X  ^  ; 

therefore  c,  x  a  =  Cj  X  ^, 


or 


Again,  Pa  =  Ci  x  r, 

also,  Pj  =  C2  X  ^, 

therefore  C|  x  ^  =  Cj  x  ^, 

or  ^=^^. 

^       Ci 

But  f  has  also  been  shown  to  be  equal  to  ^^  ; 
o  Cj 

consequently  i  =  S 

This  is  the  relation  between  the  resistances  which  we  sought 
to  discover,  and  we  might,  in  the  same  way,  prove  that  it  holds 
good  for  other  cases  where  the  resistances  have  different  values  on 
account  of  the  galvanometer  connections  being  made  at  different 
points. 

The  relation  may  also  be  viewed  from  another  standpoint. 
The  fall  of  potential  along  a  conductor  is  proportional  to  its  re- 
sistance, and,  conversely,  the  resistance  of  a  conductor  is  propor- 
tional to  the  fall  of  potential  which  takes  place  along  it.  Now, 
the  total  fall  of  potential  along  the  two  branches  (fig.  83)  is  equal 
in  amount,  and  the  potential  at  e  is  equal  to  that  at/;  and  the  fall 
along  a  is  equal  to  the  fall  along  ^,  and  also  the  fall  taking  place 
along  c  is  equal  to  that  along  d.  Therefore,  the  value  of  the  re- 
sistance a  bears  to  that  of  c  the  same  ratio  as  does  b  to  d,  that  is, 

a:c  :i  b  \  d^ 

and  therefore  also  a  \  b  \\  c  \  d. 
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If  one  of  these  resistances,  say  c,  were  unknown,  and  the 
other  three  known,  we  could  readily  determine  the  value  of  r,  for 

This  is,  in  fact,  the  method  by  which  resistance  is  measured 
with  the  Wheatstone  bridge. 

We  have  in  practice  four  resistances,  p  q  r  s,  one  of  which, 
say  p,  is  unknown  and  the  others  known,  and  join  them  up  as  in 
fig.  84.  The  junctions  at  a  and  b  are  maintained  at  different 
potentials  by  means  of  a  suitable  battery,  but  the  galvanometer  is 
permanently  connected  to  the  other  junctions,  c  and  d,  and  instead 

of  varying  the  position  of 
the  galvanometer  connection, 
D,  the  known  resistances 
Q  R  s  are  varied  and  adjusted, 
until  the  absence  of  a  current 
through  the  galvanometer 
proves  c,  the  junction  of  p 
and  Q,  to  be  at  the  same 
potential  as  d,  the  junction 
of  R  and  s. 

The  value  of  p  can  then 
be  calculated,  as  above,  the  simplest  case  being  when  Q  =  s,  for 
then  p  =  R.  Two  keys,  k  and  k',  are  provided  for  the  purpose  of 
disconnecting  the  battery  and  galvanometer  circuits  respectively. 

There  are,  however,  various  ways  of  performing  the  necessary 
adjustment  of  the  known  resistances  ;  but  a  very  good  form  of 
bridge  for  measuring  low  resistances  may  be  constructed  upon 
the  principle  illustrated  in  fig.  83,  where  the  point  of  equilibrium 
was  found  by  shifting  one  of  the  wires  connected  to  the  galvano- 
meter along  A  ^  ^  B,  thus  varying  the  ratio  of  the  resistances  b 
and  d. 

Three  brass  or  copper  strips,  so  stout  as  to  have  practically  no 
resistance,  are  fixed  on  to  a  mahogany  board,  as  in  fig.  85. 
Between  the  ends  of  two  of  these  strips  a  wire,  a  b,  is  stretched. 
It  is  convenient  to  have  this  wire  one  metre  in  length,  with  a 
scale  placed  under  it,  divided  into  a  thousand  parts.  There  are 
three  terminal  screws  on  the  middle  strip,  and  two  on  each  of  the 
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others.  The  unknown  resistance,  /r,  is  connected  to  the  two 
adjacent  ends  of  the  middle  and  right-hand  strips,  while  a  known 
resistance,  a,  is  joined  to  the  adjacent  ends  of  the  other  two.  A 
battery  is  joined  up  to  the  outside  strips,  and  a  current  can  thus 
be  sent  through  the  branch  a  and  r,  and  the  branch  d  and  d^  in 
parallel.  One  end  of  the  galvanometer  coil  is  joined  to  the  ter- 
minal screw  at  the  junction  of  a  and  c,  where  the  potential  will 
have  fallen  to  a  certain  amount.  The  other  is  connected  to  a 
slider  which  passes  along  over  the  wire  d'  d^  and  which,  when 
pressed  down,  makes  contact  with  the  wire,  and  allows  the  exact 

Fig.  85. 
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point  at  which  contact  is  made  to  be  read  on  the  metre  scale.  As 
previously  explained,  a  point,  /  is  sought  for,  at  which,  contact 
I)eing  made,  no  current  flows  through  the  galvanometer.     Then 

It  is  clear  from  this  equation  that       is  merely  a  ratio, 

and  need  not  be  known  in  ohms.  If  the  wire  a  b  is  of  uniform 
resistance  throughout,  it  is  sufficient  to  know  the  length  in  milli- 
metres of  ^,  and  the  length  in  millimetres  of  </ ;  but  the  resistance 
of  a  must  be  known  in  ohms.  Supposing  a  were  2*5  ohms,  and 
a  balance  to  be  obtained  with  the  slider  at  a  point  440  millimetres 

from  a;  then  /5  =  440,  and//=  560.     Therefore  r=  ^  °  x  25 

440 
=  3i8  ohms. 

The  stretched  wire  must  be  of  considerable  resistance  so  as 

to  make  the  fall  of  potential  per  unit  of  length  appreciable,  and  it 

should  be  of  some  hard  durable  metal,  otherwise  it  would  become 

worn  by  the  slider  and  its  uniformity  of  resistance  destroyed.     For 
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these  reasons  the  wire  should  be  made' of  German  silver,  platinum 
silver,  or  platinoid.  A  key  should  be  inserted  in  the  battery 
circuit,  to  prevent  the  current  being  kept  on  longer  than  necessary 
and  heating  the  wires.  Extra  resistance  in  the  galvanometer  or 
batter)'  circuits  introduces  no  error,  merely  reducing  the  sensitive- 
ness of  the  arrangement,  but  it  is  important  to  secure  good  clean 
connections  in  the  other  branches,  as  any  resistance  introduced 
there  might  cause  a  great  error  in  the  result.  To  obtain  the  best 
results  the  resistance  of  the  battery  should  be  low  and  its  e.m.f. 
high  ;  the  resistances  in  the  arms  of  the  bridge  should  not  differ 
very  greatly  ;  and  the  galvanometer  must,  of  course,  be  sufficiently 
delicate  to  indicate  the  difference  of  potential  caused  by  moving 
the  slider  through  the  shortest  measurable  distance.  But  the 
length  of  the  wire  on  the  galvanometer  must  not  be  indefinitely 
increased  to  attain  this  result,  otherwise  the  resistance  so  added 
reduces  the  current  in  a  greater  proportion  than  the  deflective 
effect  is  increased. 

There  is,  in  fact,  for  every  separate  test,  a  certain  resistance 
which  it  would  be  best  to'  give  the  galvanometer.  In  practice, 
however,  we  can  do  no  more  than  wind  the  galvanometer  in  such 
a  manner  as  will  make  it  best  suited  to  the  average  conditions 
under  which  it  will  be  employed.   For  an  ordinary  slide- wire  bridge 

the  galvanometer  re- 

Fk;.  86.  •   .  u       1 J  ^ 

sistance  should  not 
greatly  exceed  one 
ohm. 

The  slide-wire 
bridge  answers  well 
in  a  laboratory, 
where  it  is  exceed- 
ingly valuable  for 
measuring  low  resis- 
tances. A  more 
practical  form  of  the 
Wheatstone  bridge, 
and    one   which    is 

very  largely  used  for  general  work,  is  shown  in  fig.  86,  and  its 

connections  in  fig.  87. 
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Fig.  87. 


There  is  no  exposed  stretched  wire  here,  but  all  the  resistances 
are  placed  in  a  mahogany  box  with  an  ebonite  top,  their  ends 
being  connected  to  brass  blocks  fitted  with  plugs  as  in  the  case  of 
any  ordinary  resistance-box.  These  resistance  coils  are  measured 
with  extreme  care,  and  the  value  of  each  in  ohms  is  marked  (often 
indistinctly,  by  the  way)  upon  the  ebonite.  Double  terminal 
screws  are  employed  to  avoid  risk  of  resistance  being  introduced 
by  the  careless  connection  of  two  wires  on  to  one  terminal.  In 
the  general  view  it  will  be  seen  that  there  are  two  keys,  each, 
when  depressed,  making  contact  with  a  metal  stud ;  these  keys 
are  marked  a'  and  b' 
in  fig.  87.  A  terminal 
screw  is  connected  to 
each  key,  and  to  the 
right-hand  one  is  joined 
the  zinc  pole  of  the  test- 
ing battery.  The  stud 
under  this  key  is  con- 
nected beneath  the  ebo- 
nite cover  to  the  brass 
block  B  in  the  middle  of 
the  back  row  of  resist- 
ances, so  that  the  zinc 
pole  of  the  battery  is 
joined  to  this  block  when 
the  right-hand  key  is  de- 
pressed. It  is  at  this  point  then,  corresponding  to  b,  the  junction 
of  Q  and  s  in  fig.  84,  that  the  current  divides,  and  on  either  side  are 
three  coils  of  ro,  100,  and  1,000  ohms  respectively,  any  or  all  of  which 
can  be  inserted  at  pleasure.  At  each  end  of  this  row  of  coils  is  a 
terminal  screw,  and  the  galvanometer  is  connected  to  these  points. 
But,  as  we  have  seen,  it  is  necessary  to  have  a  key  in  the  galvano- 
meter circuit,  and  it  is  very  convenient  to  place  both  keys  close 
together,  as  shown.  One  wire  from  the  galvanometer  is  therefore 
brought  to  terminal  a'—  that  is,  to  the  left-hand  key  and  the 
stud  under  this  key  is  connected  to  terminal  a,  as  shown  by 
the  dotted  line.  Therefore,  when  a'  is  depressed,  this  side  of 
the  galvanometer  is  joined  to  terminal  a.     The  other  side  of  the 
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galvanometer  goes  direct  to  terminal  c.  The  two  *  arms '  of  the 
bridge  b  a  and  b  c  correspond  to  the  arms  b  and  a  in  fig.  83,  and 
to  s  and  q  in  fig.  84,  and  the  arm  marked  R  in  the  latter  figure 
here  consists  of  a  number  of  coils,  ranging  from  i  ohm  to  4,000 
ohms,  placed  between  the  terminals  d  and  e.  We  have  thus 
three  arms  of  the  bridge  of  known  values,  and  the  fourth,  or 
unknown  resistance,  x^  is  placed  between  terminals  c  and  e.  The 
copper  pole  of  the  battery  is  brought  direct  to  terminal  e,  which 
corresponds  to  the  junction  of  p  and  r  in  fig.  84.  Between  the 
arms  b  a  and  d  e— that  is,  between  the  terminals  a  and  d — is  a 
space  marked  *  infinity.'  There  is  no  coil  connected  to  the  two 
blocks  at  this  point,  so  that  the  resistance  is  infinite,  that  is,  the 
circuit  is  disconnected,  when  the  plug  is  removed.  This  arrange- 
ment is  exceedingly  useful,  for  it  is  possible  to  increa.se  the  range 
of  measurement  considerably,  by  removing  the  plug  and  inserting 
an  extra  box  of  coils  in  the  circuit  here ;  and  further,  it  is  often 
convenient,  in  some  tests,  to  be  able  to  separate  the  coils  into  two 
independent  sets.  There  is  a  second  *  infinity  plug '  between  the 
10  and  20  ohm  coils,  and  when  using  the  apparatus  simply  as  a 
set  of  resistance  coils  these  plugs  may  be  used  as  keys  for  dis- 
connecting or  joining  up  the  circuit.  But  this  second  plug  is  also 
useful  when  employing  the  bridge  in  the  orthodox  fashion.  Let 
it  be  supposed  that  it  is  impossible,  by  any  manipulation  of  the 
coils,  to  establish  a  balance.  Then  if  a  balance  is  established  by 
removing  the  infinity  plug,  it  is  proved  that  there  is  a  disconnec- 
tion in  the  arm  x^  or  if  the  deflection  obtained  is  very  feeble,  it  may 
be  taken  that  the  resistance  in  jc  is  *  above  bridge,'  or  too  high  to 
be  balanced. 

Let  us  suppose,  however,  that  the  bridge  has  been  properly 
joined  up,  with  an  unknown  resistance  -v,  the  value  of  which  it  is 
desired  to  find,  between  c  and  e. 

It  is  clear  that  a  and  c  are  the  points  which  we  want,  by  ad- 
justing the  various  resistances,  to  bring  to  the  same  potential,  and 
the  galvanometer  is  connected  to  these  points  so  as  to  indicate 
when  this  result  is  attained.  We  begin  by  inserting  some  resist- 
ance in  the  arms  b  a  and  b  c,  say  100  ohms  in  each.  These 
resistances  are  not  again  altered  during  the  measurement,  but  the 
adjustment  is  made  by  varying  the  amount  of  resistance  in  the 
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arm  d  e  until  the  galvanometer  shows  that  a  balance  has  been 
obtained.  When  this  happens  the  value  of  the  unknown  resist- 
ance, Xy  is  equal  to  the  amount  which  has  been  inserted  in  the 
arm  d  e.  Much  time  may  be  saved  and  greater  accuracy  ensured 
by  taking  a  test  methodically,  and  the  following  points  should  be 
attended  to.  Before  starting  it  should  be  ascertained  that  the 
plugs  are  firmly  in  their  places  and  that  all  the  connections  at  the 
terminals  are  good,  and  to  ensure  this  it  is  advisable  to  take 
advantage  of  the  double  terminals  provided,  and  place  only  one 
wire  on  each  screw.  The  galvanometer  having  been  placed  in  a 
position  convenient  for  the  experimenter,  some  coils  in  each  of 
the  three  arms  must  be  put  into  circuit,  the  amount  in  the  arms 
D  E  being  made  as  near  the  unknown  resistance  as  can  be  guessed. 
The  right-hand  key  should  be  depressed  and  then,  a  moment 
afterwards,  the  left-hand  key,  and  the  galvanometer  observed ; 
probably  the  latter  will  indicate  the  passage  of  a  current,  and  it 
should  always  be  found  which  way  the  needle  moves  when  the  resist- 
ance in  the  arm  d  e  is,  say,  too  high.  If  that  is  done,  one  can  see, 
immediately  the  needle  moves,  whether  it  is  necessary  to  increase 
or  reduce  the  resistance  in  d  e  in  order  to  get  a  balance.  This  is 
much  quicker  than  obtaining  the  balance  at  random.  The  gal- 
vanometer key  must  only  be  lightly  tapped  so  as  to  just  indicate 
in  which  direction  the  resistance  must  be  varied,  until  a  balance 
is  nearly  obtained,  when  it  may  be  held  down  for  a  longer  period. 
This  prevents  a  heavy  current  being  passed  through  the  galvano- 
meter ;  and  the  student  will  hardly  require  to  be  warned  that  if 
the  battery  is  kept  on  too  long  the  bridge  coils  will  become  more  or 
less  heated  and  their  resistance  varied.  It  should  also  be  borne 
in  mind  that  with  a  very  delicately  made  instrument  a  suddenly 
applied  heavy  current  is  likely  to  injure  the  needle  or  the 
pivot. 

We  considered  above  the  simple  case  when  the  resistances  of 
the  arms  b  a,  b  c  were  equal,  but  the  bridge  is  not  always  used 
under  these  conditions. 

If,  for  instance,  the  unknown  resistance  is  comparatively  low 
and  we  desire  to  measure  it  to  within  a  fraction  of  an  ohm,  it  is 
then  necessary  to  have  these  arms  of  unequal  resistance ;  we 
should,  in  fact,  make  ba  100  ohms  and  bc  10  ohms.     Then,  if  a 


Digitized 


by  Google 


156  Electrical  Engineering  chap.  v. 

balance  were  obtained  with  13  ohms  in  de,  :r  would  be  equal  to 
1-3  ohms.     For,  by  the  principle  of  the  bridge, 
__  BC   X   DE  _^  10   X   13  ^ 

"    ~~  BA  ""  100  ~"       ^* 

And  by  using  1,000-ohms  in  ba  and  10  in  bc,  measurements  to 
within  yj,-)  of  an  ohm  might  be  made. 

When  the  unknown  resistance  is  very  high,  then  the  ratio  must 
be  reversed,  taking,  say,  10"  in  ba,  and  1,000"  in  bc.  If,  now,  a 
balance  is  obtained  with  1,309  ohms  in  de,  then 

1000  , 

X  = X  1309  =  130900  ohms. 

When  using  this  ratio  it  is  not  always  possible  to  obtain  a  perfect 
balance  and  so  determine  the  unknown  resistance  exactly,  because 
the  lowest  unit  in  the  arm  d  e  is  i  ohm,  and  this  is  equivalent  to 
100  ohms  in  the  unknown  resistance.  For  instance,  if  in  the  last 
test  the  unknown  resistance  were  130,925  ohms,  it  would  be  ne- 
cessary to  increase  the  resistance  in  d  e  by  a  quarter  of  an  ohm  in 
order  to  get  a  perfect  balance,  and  this  fraction  is  not  at  our  dis- 
posal. A  supplementary  set  of  resistances  having  fractional  values 
may  be  inserted  between  the  terminals  a  and  d,  provided  that  the 
arrangement  is  sufficiently  sensitive  for  the  galvanometer  to  respond 
to  the  change  produced  by  these  fractions  of  an  ohm  ;  but  for 
general  work  it  is  sufficient  to  know  the  value  of  a  very  high  resist- 
ance to  within  10  or  20  ohms,  and  this  can  always  be  estimated  by 
observing  the  movements  of  the  needle  when  the  resistance  in  d  e 
is  less  than  i  ohm  too  high  and  less  than  i  ohm  too  low. 

It  may  be  remarked  that  the  efficiency  of  the  Wheatstone 
bridge  is  reduced  by  the  injudicious  choice  of  a  battery,  more 
frequently  than  by  any  other  cause. 

The  point  to  be  borne  in  mind  is,  that  a  considerable  fall  of 
potential  is  necessary  along  the  arms  of  the  bridge,  that  is,  between 
the  points  a  and  n  in  fig.  83.  The  greater  the  difference  of 
potential  between  these  points,  the  greater  will  be  the  effect  on  the 
galvanometer  needle  for  a  given  change  in  any  of  the  resistances, 
and  therefore  the  higher  the  degree  of  accuracy  to  which  we  can 
measure.  Now,  suppose  the  bridge  to  be  of  the  slide-wire  fonn, 
and  the  resistance  of  the  arms  between  a  and  b  to  be  2  ohms. 
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If  we  employ  a  battery  of  10  Daniell  cells,  having  a  resistance  o. 
5  ohms  per  cell,  the  potential  difference  between  a  and  b  will  be 
considerably  less  than  three-quarters  of  a  volt,  all  the  rest  of  the 
fall  taking  place  inside  the  battery.  A  single  Grove  cell,  having  a 
resistance  of  •2'*,  could  maintain  about  i'8  volt  under  similar 
conditions,  although  its  E.M.F.  is  only  one-fifth  of  that  of  the 
Daniell  battery.  This  clearly  shows  the  evil  effect  of  resistance 
in  the  battery,  and  it  is  evident  that  when  the  resistances  in  the 
bridge  are  low,  the  battery  employed,  while  having  a  sufficiently 
high  E.M.F.,  must  have  a  very  low  internal  resistance.  AVhen, 
however,  the  resistances  are  high,  resistance  in  the  battery  circuit 
is  not  so  harmful  (as  the  fall  of  potential  in  any  part  of  a  circuit 
is  directly  proportional  to  the  resistance  of  that  part),  and  a  battery 
of  Daniell  cells  may  perhaps  with  advantage  be  employed ;  for,  as 
a  rule,  the  internal  resistance  of  a  battery  of  Daniell  cells  is  so 
high,  that  even  when  short-circuited  the  current  is  but  a  fraction 
of  an  ampere.  But  the  e.m.f.  of  the  battery  is  often  kept  unne- 
cessarily low  to  avoid  a  strong  current  heating  the  coils  ;  there  is, 
of  course,  a  limit,  but  by  a  skilful  manipulation  of  the  keys  pro- 
vided, the  time  during  which  the  current  need  be  kept  on  is  so 
very  short  that  the  heating  is  inappreciable.  We  have  remarked 
that  it  is  better  to  depress  the  battery  key  first,  and  allow  the 
current  to  become  steady  before  tapping  the  left-hand  key  and 
throwing  the  galvanometer  in  circuit.  A  very  short  time  is  suffi- 
cient for  this,  but  extra  care  should  be  taken  that  it  is  done  when 
the  unknown  resistance  is  an  electro-magnet,  or  any  coil  which  is 
liable  to  the  phenomenon  of  *  self-induction  *  (see  Chapter  VII.), 
or  when  it  has  any  *  electrostatic  capacity,'  as  in  the  case  of  a  tele- 
graph line  or  cable,  otherwise  the  needle  will  move  violently, 
although  the  actual  resistance  may  be  truly  balanced.  To  enable 
the  .student  to  understand  how  the  nature  of  the  resistance  can 
cause  the  potential  at  any  two  points  to  be  widely  different  when 
the  current  is  starting  or  stopping,  and  yet  equal  when  it  is  steady, 
we  may  employ  an  analogy.  Suppose  we  have  two  equal  iron 
water-pipes  joined  up  as  in  fig.  ^t^^  with  some  piece  of  apparatus 
to  indicate  a  difference  or  equality  of  pressure,  in  the  place  of  the 
galvanometer,  the  points  e  and  /  being  at  equal  distances  from  a 
or  B.     Then,  the  pipes  being  equal  in  all  respects,  the  pressure  at 
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e  will  always  be  equal  to  that  at/  no  matter  how  the  difference  of 
pressure  at  a  and  b  may  be  varied.  If,  now,  one  branch,  a/b,  is 
replaced  by  a  very  flexible  india-rubber  pipe  of  similar  dimen- 
sions, this  no  longer  holds  good.  Suppose  the  pipes  to  be  empty 
and  then  water  at  a  high  pressure  to  be  forced  in  at  a  ;  the  pres- 
sure at  €  will  rise  quicker  than  at  /  because  the  flexible  pipe  ex- 
pands, and  this  occupies  a  short  time.  When  the  expansion  has 
reached  its  limit  the  pressures  at  e  and  /  are  equal,  but  on  sud- 
denly stopping  the  flow  at  a,  the  pressure  at  /  remains  higher 
than  at  e  for  a  brief  moment  owing  to  the  contraction  of  the  pipe. 

Somewhat  similarly,  as  we  shall  see  later  on,  a  current  of 
electricity  can  never  rise  to  its  full  value,  nor  die  away,  instanta- 
neously ;  for  this  reason,  the  coils  of  the  bridge  are  so  wound 
that  in  them  the  rise  or  fall  is  very  rapid,  and  when  the  unknown 
resistance  is  such  that  the  rise  or  fall  takes  place  at  a  different 
rate,  the  current  must  be  allowed  to  become  steady  before  the 
second  key  is  closed. 

The  peculiar  method  of  winding  the  bridge  coils  is  also  useful 
in  preventing  any  direct  action,  which  might  be  caused  by  the 
current  circulating  in  them,  being  produced  upon  the  galvano- 
meter needle.  When  an  electro-magnet  is  being  measured,  the 
galvanometer  must  be  placed  far  enough  away  to  avoid  its  being 
affected  when  the  current  is  passed  through  the  electro- magnet. 
When  there  is  any  reason  to  suppose  that  some  such  effect  as  this 
exists,  the  battery  key  should  be  closed  and  opened  several  times, 
the  galvanometer  key  being  left  open  and  the  needle  watched.  If 
it  moves  at  all,  we  have  proof  positive  that  some  portion  of  the 
apparatus  is  producing  a  disturbing  effect  upon  the  galvanometer. 

When  both  ends  of  the  unknown  resistance  are  not  easily 
accessible — that  is  to  say,  when  it  is  impracticable  to  bring  both 
ends  of  the  conductor  to  the  bridge— the  test  may  be  made  by 
joining  one  end  to  the  terminal  c,  and  connecting  the  distant  end 
to  earth.  The  terminal  li— that  is,  the  junction  of  the  arm  d  e — 
and  the  copper  pole  of  the  battery  are  also  put  to  earth,  and  then 
the  test  can  be  made  in  the  usual  manner,  because  the  two  earth- 
connected  points  are  at  the  same  potential,  and  behave  in  precisely 
the  same  way  that  they  would  if  they  were  joined  to  a  common 
terminal. 
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A  leakage  sometimes  occurs  in  a  covered  wire  or  cable, 
which  allows  more  or  less  of  the  current  to  escape  to  earth,  pro- 
vided some  other  point  of  the  system  is  also  earthed.  It  is  ne- 
cessary to  be  able  to  determine  the  distance  of  such  a  'fault,' 
or  point  of  leakage,  and  this  might  easily  be  done  by  disconnect- 
ing the  line  beyond  it,  and  then,  treating  the  fault  as  an  earth, 
measuring  the  resistance  of  the  wire  up  to  this  earth  as  described 
above. 

It  rarely  happens,  however,  that  any  fault  develops  which  does 
not  offer  considerable  resistance  to  the  passage  of  the  current  to 
earth,  and  as  the  amount  of  this  resistance  is  never  known  it  cannot 
be  allowed  for.  Further,  the  resistance  frequently  varies  so  rapidly 
that  it  is  not  possible  to  obtain  a  balance  at  all,  and  some  different 
arrangement  of  the  bridge  is  necessary.  We  have  seen  that  in 
the  battery  circuit  extra  resistance,  and  even  variable  resistance, 
causes  no  error  in  the  result,  although  it  reduces  the  sensitiveness 
of  the  bridge  ;  and  if  this  variable  earth  fault  can  be  placed  in 
the  battery  circuit,  we  can  ignore  its  resistance  altogether.  This 
can  readily  be  done  if  both  ends  of  the  wire  are  accessible ;  if 
not,  it  is  necessary  to  have  a  second  or  return  wire,  and  connect 
the  distant  ends  of  the  two  together.  This  arrangement  is  known 
as  the  *  Loop  test '  and  is  shown  in  fig.  88.  The  copper  pole  of 
the  battery  is   put  to  y\o,^, 

earth,     the     zinc  pole     . rr\c 


(^ 

n X  ■ 


-^--^ — ^^=1' 


\( ^li 

r fi 1^      ^ 


being  always  joined  to 
line  in  fault-testing,  as 
the  current  in  that 
direction — usually  by 
an  electrolytic  effect — 
decreases  the  resistance 

of  the  fault  e  P  is  the  faulty  wire,  the  fault  being  shown  at  / 
cp  is  the  sound  wire  by  means  of  which  we  reach  the  other  end 
of  the  faulty  wire,  the  two  being  looped  together  at  p.  The  good 
wire  is  joined  to  terminal  c,  and  the  faulty  one  to  e.  On  depress- 
ing the  battery  key  the  current  flows  through  the  bridge  and  the 
lines,  finding  earth  at  the  fault,  and  a  balance  can  be  obtained  in 
the  usual  wa/.  I-et  r  be  the  resistance  inserted  in  a  e,  and  let  x 
represent  the  unknown  resistance  of  the  faulty  wire  from  e  to  the 
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fault  at  /  Then  the  total  resistance  of  this  arm  of  the  bridge  is 
R  +  jc.  The  other  arm  consists  of  the  sound  wire,  cp,  and  that 
portion  of  the  faulty  wire  from  p  to  /  Let  the  total  resistance  of 
this  arm  be  called  y.  Let  a  be  the  resistance  in  b  c,  and  b  that 
in  BA,  then 

a  \y  ::  b  .  R+:r, 

that  is,  j  =  ?x(r  +  .t) (i). 

We  have  here  two  unknown  quantities,  x  and  y^  and  must 
therefore  get  a  second  simple  equation  in  order  to  eliminate  one 
of  them.  It  is  clear  that  the  total  resistance  of  the  two  lines  is 
X  +yy  and  usually  this  is  known  ;  if  not,  it  can  be  measured  by 
joining  up  the  bridge  in  the  ordinary  way  (that  is,  connecting  the 
copper  pole  of  the  battery  to  terminal  e),  and  measuring  the 
resistance  of  the  loop  as  that  of  a  single  wire  without  fault ;  for 
there  will  then  be  no  leakage  at  the  fault,  as  no  other  part  of 
the  system  is  earthed.  Suppose  the  resistance  thus  found  to  be 
L  ohms,  then 

x+y=:h; 

therefore  y  =  L--x (2). 

Therefore,  from  equations  (i  and  2), 

^x(r  +  jc)  =  l  — jc; 

therefore  x  =  ^±Zl^, 

a\b 

If  we  make  a  =  ^,  as  is  frequently  done  in  this  test,  then, 
evidently, 

R-|-:t:  =  L— jf, 

and  *=ilZ'^; 

2 

or,  we  simply  subtract  the  resistance  in  a  e  from  that  of  the  two 
lines,  and,  dividing  by  2,  obtain  the  value  of  x. 

Now,  x  is  the  resistance  in  ohms  from  e  to  the  fault ;  the 
length  of  the  wire  e  p  is  known,  and  therefore  its  resistance  per 
mile,  or  any  other  unit  of  length,  is  known.     Thus  we  can  at  once 
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ascertain  the  distance  of  the  fault  in  miles  or  yards  by  dividing  x 
by  the  resistance  per  mile  or  per  yard  as  the  case  may  be. 

The  galvanometer  used  with  the  form  of  bridge  above  described 
has  a  resistance  of  800  ohms  ;  it  is  shown  in  fig.  89,  and  is  a  very 
good  instrument — portable,  yet  capable  of  giving  evidence  of  a 
very  small  potential  difference.  When  joined  up  in  circuit  with  a 
resistance  of  20,000  ohms,  and  a  single  Daniell  cell  (the  current 
then  being  about  one  twenty-thousandth  of  an  ampere),  it  will 
give  a  deflection  of  25^. 

The  coil  consists  of  many  turns  of  fine  silk-covered  wire, 
wound  on  a  single  brass  bobbin.  The  needle,  which  is  pivoted 
lies    exactly   in   the  p^^  g^ 

centre  of  the  coil, 
and  is  quite  covered 
by  it.  At  right  angles 
to  the  needle  is  fixed 
a  pointer,  which  pro- 
jects from  the  coil, 
and,  passing  over  a 
scale  and  a  strip  of 
looking-glass,  indi- 
cates the  slightest 
movement  of  the 
needle.     A  lever  is 

provided  for  lifting  the  needle  from  its  pivot  when  not  in  use,  and 
each  end  of  the  coil  is  connected  to  a  terminal  which  is  insulated 
from  the  brass  casing  by  ebonite.  The  features  in  the  design  of 
the  instrument  which  enable  it  to  respond  to  very  feeble  currents 
are  the  great  length  of  wire  employed,  the  nearness  of  this  wire  to 
the  needle,  and  the  excellent  pivoting  of  the  needle,  which  allows 
it  to  move  easily. 

Another  form  of  Wheatstone  bridge  is  shown  in  fig.  90.  This 
has  a  very  great  range,  and  some  of  its  coils  are  joined  up  dif- 
ferently to  those  in  the  apparatus  last  described. 

The  two  *  ratio  arms*  consist  each  of  five  coils,  of  i,  10,  100, 
1,000,  and  10,000  ohms  resistance,  and  are  connected  up  in  the 
usual  manner.  The  arm  which  is  varied  in  balancing  is  divided 
into  four  sets  of  coils,  each  set  consisting  of  nine  equal  coils.    The 
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resistance  of  each  coil  in  the  first  set  is  i",  in  the  second  lo",  in 
the  third  loo",  and  in  the  fourth  i,ooo*.  Sometimes  a  fifth  set 
of  -I"  each  is  added.  In  the  figure  will  be  seen  lo  brass  blocks 
surrounding  a  circular  central  one,  with  which  they  can  be 
separately  connected  by  a  plug.  The  block  partly  hidden  by  the 
plug  is  numbered  o,  and  this  block  is  connected  to  the  centre  of 
the  next  dial.  Between  each  of  these  numbered  blocks  (except 
between  9  and  o)  one  of  the  equal  resistance  coils  is  placed,  and 
by  means  of  the  plug  any  number  of  them  can  be  brought  into 
circuit.  For  instance,  if  the  block  numbered  5  is  so  joined  to  the 
centre  plate,  the  current  passes  from  the  plate  by  means  of  the 

Fig.  90. 


plug,  and  through  ^^i^  of  the  coils  round  to  the  block  number  o, 
which  is  joined  to  the  next  centre  plate,  or,  in  the  case  of  the  last 
dial,  to  a  terminal  screw.  Some  tests  can  be  very  quickly  made 
with  this  form  of  bridge,  and  the  result  seen  at  a  glance,  and  an 
advantage  results  from  the  fact  that  only  a  few  and  invariable 
number  of  plugs  are  brought  into  use,  thus  reducing  the  liability 
to  error  due  to  a  varying  resistance  between  the  plugs  and  the 
faces  of  the  brass  blocks.  Of  course,  as  only  one  plug  is  used  for 
each  dial,  the  circuit  is  disconnected  in  the  variable  arm  every 
time  a  plug  is  shifted. 

One  of  the  most  important  uses  to  which  the  instruments 
and  methods  described  in  this  chapter  can  te  applied,  is  that  of 
determining  the  *  insulation  resistance'  of  an  electrical  circuit, 
which  is  accomplished  by  entirely  disconnecting  the  remote  ends 
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of  the  conductors,  and  then  measuring  the  resistance  offered  by 
the  insulating  material  to  the  leakage  of  the  current  from  one  con- 
ductor to  another,  or  to  earth.  Should  this  resistance  fall  below 
a  certain  prearranged  standard,  evidence  will  be  afforded  of  the 
existence  of  a  fault  which  requires  to  be  localised  and  removed 
forthwith.  The  insulation  of  the  conductors  having  been  proved, 
the  switches  and  other  fittings  may  then  be  joined  up,  when  a 
second  careful  test  should  be  made,  which  in  most  cases  will 
reveal  the  fact  that  the  insulation  resistance  has  fallen  consider- 
ably, often  as  much  as  50  per  cent.,  due  mainly  to  surface  leakage. 
By  testing  the  insulation  resistance  of  the  conductors  separately, 
a  ready  means  is  afforded  of  determining  whether  a  particular 
fault  is  in  the  covering  of  the  wire,  or  in  the  fittings,  and  it  may 
Ije  observed  that  a  certain  amount  of  leakage  at  the  fittings 
should  be  deemed  of  less  importance  than  an  equal  or  even  a 
smaller  leakage  in  the  conductor  covering ;  for  whereas  in  the 
former  case  it  is  mostly  due  to  moisture  and  therefore  not  liable 
to  any  serious  increase,  in  the  latter  case  it  indicates  a  damaged 
or  inferior  insulating  material,  a  fault  which  will  most  assuredly 
develop  under  the  continued  electrical  stress. 

In  electric  light  installations  very  heavy  currents  and  rather 
high  E.M.F.'s  are  frequently  employed,  which  might  cause  serious 
damage  to  life  and  property  should  the  insulation  at  any  point  be 
allowed  to  fall  below  a  certain  standard  or  become  in  any  way 
faulty,  and  any  such  fault  would,  of  course,  also  impair  the 
efficiency  of  the  lighting,  to  say  nothing  of  the  energy  wasted. 
Similar  conditions  obtain  with  any  system  of  electrical  conductors 
and  fittings  for  any  purpose  whatever,  and  it  is  necessary  that 
some  convenient  means  should  be  available  for  efficiently  testing 
the  whole  installation,  under  conditions  equally  as  trying  as  the 
maximum  stress  which  it  will  be  called  upon  to  sustain  in  practice. 
Especially  must  the  source  of  electrical  power  employed  for  the 
test  be  able  to  develop  an  e.m.f.  at  least  equal  to  the  maximum 
intended  to  be  used,  otherwise  there  will  be  considerable  risk  that 
small  incipient  faults  will  not  be  shown  up  during  the  test,  and  will 
only  become  manifest  when  the  circuit  is  in  practical  use,  and 
when,  therefore,  the  greatest  inconvenience,  and  possibly  damage 
also,  will  result. 
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As  100  volts  is  the  lowest  e.m.f.  which  generally  obtains  in 
practice,  it  is  evident  that  the  employment  of  batteries  for  testing 
would  be  exceedingly  inconvenient,  so  much  so,  in  fact,  that  an 
efficient  test  is  frequently  shirked.  A  small  magneto  machine, 
such  as  we  shall  describe  in  a  subsequent  chapter,  is  far  more 
convenient  and  portable,  but  it  is  hardly  suitable  for  use  with  the 
apparatus  ordinarily  constructed  for  the  measurement  of  resistance. 
The  Evershed  *  Ohmmeter  *  is  an  instrument  which  is  designed  to 
work  with  such  a  machine.  It  is  called  an  *  ohmmeter,'  from  the 
fact  that  its  pointer  indicates  directly  the  number  of  ohms  in  the 
p,c  gj  resistance  under  measure- 

ment.    In   practice,    how- 
ever, one  does  not  actually 
require  to  find   the  exact 
resistance  of  an  installation 
within  a  few  ohms  more  or 
less.     It  is  not  possible  to 
measure  the  higher  resis- 
tances   with    certainty    to 
within  100  ohms  or  so,  but 
this   is    immaterial,  as,    if 
the  insulation  is  below  the 
standard,  it   matters  little 
whether  it    is  700,000  or 
700,200  ohms.    It  is,  in- 
deed, sufficient  if  the  appa- 
ratus can  assure  us  whether,  under  the  stress  produced  by  a  suffi- 
ciently high  E.M.F.,  the  insulation  is  above  or   below  a  certain 
standard,  which  we  may  here  suppose  to  be  fixed  at  i  megohm. 
The  apparatus  can  promptly  and  decidedly  indicate  whether  the 
resistance  is  above  one  megohm  or  below  it,  and  supposing  it  to 
be  above,  the  installation  may  be  passed  as  satisfactory;  but  if 
below  this  standard,  the  circuit  should  be  tested  in  sections  until 
the  fault  has  been  localised.     A  top  view  of  the  instrument  is 
given  in  fig.  91.     When  the  small  switch  is  placed  as  shown  on 
the  contact  a,  the  outer  scale  a  is  to  be  used,  but  by  shifting  the 
switch  to  the  contact  b,  one  of  the  coils  is  shunted,  thus  enabling 
the  lower  resistances  to  be  measured  by  readings  on  the  inner 
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scale,  B.  The  wires  from  the  source  of  e.m.f.  (the  magneto 
machine)  are  attached  to  the  terminals  marked  +  and  — ,  while 
wires  leading  from  the  resistance  to  be  measured  are  attached  to 
the  other  terminals  marked  x . 

The  scale-plate  is  also  shown  in  fig.  91.     The  inner  of  the  two 
scales  is  marked  in  divisions  of  1,000  ohms  from  ten  thousand  up 

Fig.  92. 


to  infinity,  while  the  outer  reads  in  megohms  from  ci  megohm 
to  infinity,  the  scale  being  fairly  open  up  to  5  megohms.     Fig.  92 
is  a  view  of  the  interior  of  the  instrument  turned  upside  down,  the 
working  parts  there  shown  being  placed  under  the  ebonite  slab  on 
which  the  switch  and  terminals 
are  fixed.     In  the  construction 
of   the    instrument    there    are 
three  coils  (shown  in  section  in 
fig.  93) ;  two  of  them,  a  «,  are 
placed  with  their  planes  parallel 
and  are  joined  in  series,  while 
the  third,  ^,  is  placed  between 
and  with  its  plane  and  magnetic 
axis  at  right  angles  to  those  of 
the  coils  a  a.     The  inner  coil, 
by  is  shaped  so  as  to  allow  the 
pointer  to  travel  through  a  com- 
paratively wide   range.      Fig.  93,  which   is  also  drawn  from  the 
under  side,  shows  the  small   steel   needle  in  its  zero  position. 
This  needle  is  then  lying  in  the  centre  of  the  coil  b^  and  along 
the  common  axis  of  the  coils  a  a.     In  the  case  underneath  it, 
is  placed  a  small  weak  bar  magnet  which  adjusts  itself  so  as 
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always  to  neutralise  the  effect  of  the  earth's  magnetism,  and, 
consequently,  the  only  magnetic  forces  acting  upon  the  needle  are 
those  due  to  the  currents  in  the  coils.  A  current  passing  through 
the  coils  a  a,  which  are  of  high  resistance,  tends  to  keep  the 
magnetic  needle  in  the  position  shown,  that  is,  at  zero,  with  its 
length  along  the  common  axis  of  the  coils  a  a.  But  its  length  is 
then  parallel  to  the  plane  of  the  coil  ^,  and  any  current  passing 
through  this  coil  will  deflect  the  needle  more  or  less,  its  position 
of  rest  depending  upon  the  relative  strength  of  the  currents 
in  the  magnetising  coils  and  the  deflecting  coil.  Now  the  coils 
a  a  are  connected  to  the  source  of  e.m.f.  only,  consequently  the 
current  in  them,  and  the  force  with  which  the  needle  is  urged  to 
the  zero  position,  is  directly  proportional  to  this  e.m.f.  The  coil  b 
is  connected  to  the  same  source  of  e.m.f.  but  has  the  resistance  to 
be  measured  joined  in  series  with  it ;  this  resistance  is  very  high, 
and  the  current  through  b  which  tends  to  deflect  the  needle  is 
inversely  proportional  to  it.  The  deflection  of  the  needle  as 
indicated  by  the  pointer  is  proportional  to  the  e.m.f.  and  in- 
versely proportional  to  the  resistance  ;  but  as  the  same  source  of 
electro-motive  force  is  used  for  both  branches  of  the  circuit,  any 
variation  thereof  affects  equally  the  deflecting  and  the  magnetising 
currents,  and,  therefore,  the  deflection  of  the  needle  is  simply 
inversely  proportional  to  the  resistance  to  be  measured,  that  of  the 
coil  b  being  small. 

When  the  resistance  is  infinite  no  current  flows  through  the 
deflecting  coil  and  the  needle  remains  at  zero,  but  as  the  re- 
sistance is  lowered  the  deflection  of  the  needle  is  proportionally 
increased,  and  it  becomes  a  simple  matter  to  calibrate  the  instru- 
ment so  that  the  pointer  shall  indicate  directly  the  value  of  the 
resistance  in  ohms  or  megohms.  The  ohmmeter,  and  the  accom- 
panying magneto  machine  which  develops  an  e.m.f.  of  120  volts, 
are  enclosed  each  in  a  case  of  5  inches  cube,  affording  a  very 
compact  set  for  testing  at  the  highest  working  pressure  likely  to 
be  adopted  in  an  ordinary  installation. 

Another  useful  set  of  apparatus  is  that  known  as  the  Silvertown 
portable  testing  set,  which  is  contained  in  two  small  wooden 
boxes,  one  holding  the  batteries  which  are  employed  for  the  test, 
and  the  other  the  galvanometer,  resistance  coils,  key,  and  corn- 
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mutator.  The  apparatus  is  designed  for  facilitating  tests  of  tlie 
resistance  of  the  conductor  itself,  as  well  as  of  the  insulating 
materials.  Two  separate  batteries  are  employed— one  of  them  con- 
sists of  four  low-resistance  Leclanch^  cells,  and  is  used  for  testing 
the  conductor  resistance  ;  the  other  battery  consists  of  thirty 
small  Leclanchd  cells,  which  are  divided  into  three  equal  sections, 
so   that  an  electro-motive  force  of  15,  30,  or  45  volts  can  be 

Fig.  94. 


employed  as  occasion  requires.  The  batteries  are  connected 
with  the  other  apparatus  by  means  of  wires  terminating  in  brass 
plugs,  which  are  provided  with  ebonite  handles,  and  which  fit 
into  circular  plug-holes  on  the  top  of  the  box  containing  the 
measuring  apparatus.  This  box,  of  which  a  plan  is  given  in  fig. 
94,  contains  a  sensitive  horizontal  galvanometer,  the  coil  of 
which  consists  of  many  turns  of  fine  wire.  The  needle  is  deli- 
cately mounted  on  a  pivot,  and  carries  a  long  but  light  aluminium 
pointer,  which  protrudes  beyond  the  coil  and  travels  over  a  scale. 
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The  pivot  is  carried  by  a  small  slide,  by  means  of  which  the 
needle  can  be  withdrawn  from  the  instrument  for  examination  or 
repair.  The  needle  is  so  magnetised  that  when  the  pointer  is 
swinging  freely  and  comes  to  rest  in  the  zero  position,  the  north- 
seeking  pole  of  the  needle  is  then  pointing  to  the  left-hand  side 
of  the  box.  Mounted  in  a  recess  on  this  side  is  a  controlling 
magnet,  the  upper  end  of  which,  when  in  the  vertical  position,  is 
nearer  to  the  needle  than  the  lower  end.  From  what  was  said 
when  describing  the  tangent  galvanometer,  it  will  be  gathered  that 
when  the  controlling  magnet  is  placed  with  its  north-seeking  pole 
upwards,  it  is  acting  in  antagonism  to  the  earth's  field,  and  by 
thus  reducing  the  value  of  the  controlling  force  the  sensitiveness 
of  the  instrument  is  increased  and  a  feebler  current  is  required 
to  produce  any  given  deflection.  When  the  magnet  is  reversed 
the  controlling  force  is  augmented— that  is  to  say,  the  lines  of 
force  due  to  the  magnet  act  in  conjunction  with  those  due  to 
earth,  and  the  sensitiveness  of  the  instrument  is  reduced.  The 
difference  between  the  maximum  and  minimum  values  as  affected 
by  the  positions  of  the  controlling  magnet  is  about  40  per  cent. 
Insulation-resistance  tests  are  usually  effected  with  the  galvano- 
meter in  its  most  sensitive  condition,  while  the  resistance  of  con- 
ductors is  usually  tested  with  the  controlling  magnet  in  the  position 
for  least  sensitiveness,  that  is,  with  its  south-seeking  pole  upwards. 
The  controlling  magnet  is  also  of  service  in  adjusting  the  needle 
to  zero.  In  preparing  to  test,  the  box  should  be  placed  on  a 
fairly  level  surface,  with  the  left  side  towards  the  north,  and  the 
controlling  magnet  in  a  vertical  position.  The  needle  will  then 
swing  at  or  about  its  zero  position,  to  which  it  can  be  brought 
exactly  by  a  slight  inclination  of  the  controlling  magnet  to  one 
side  or  the  other.  The  dotted  lines  in  the  illustration  (fig.  94) 
indicate  the  whole  of  the  permanent  electrical  connections  made 
inside  the  box. 

In  order  to  measure  a  low  resistance,  such  as  that  of  an 
electric  light  conductor,  the  connections  are  such  as  to  convert  the 
apparatus  into  a  Wheatstone  bridge,  and  to  facilitate  the  tracing 
of  these  connections  a  separate  diagram  (fig.  95)  is  furnished, 
embracing  only  those  parts  of  the  apparatus  required  for  this 
particular  test.     The  poles  of  the  battery  are  joined  to  the  ter- 
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minals  c  and  d  respectively.  From  c  the  current  travels  to  the 
block  X,  where  it  divides  between  the  two  arms  of  the  bridge, 
each  of  which  contains  three  coils  of  10-,  loo*,  and  1,000-,  as  in 
the  Post  Office  bridge  (fig.  87).  It  will  be  remembered  that  at 
least  one  of  the  coils  should  be  used  in  each  of  the  arms.  From 
the  block  r  the  current  passes  to  another  bridge-arm,  consisting  of 
a  couple  of  rheostats,  one  comprising  9  coils  each  of  i*  resistance. 

Fig.  95. 
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and  the  other  9  coils  each  of  10^  resistance,  so  that  the  range  of 
this  arm  is  from  i"  to  99*.  The  connections  for  these  rheostats 
are  similar  to  those  in  the  form  of  bridge  illustrated  in  fig.  90. 
It  will  be  seen  that  the  centre  plate  of  the  *  tens '  rheostat  is 
connected  to  the  block  f,  and  that  the  centre  plate  of  the  *  units ' 
rheostat  is  connected  to  the  terminal  d  (to  which  we  have  already 
connected  one  pole  of  the  battery).  The  two  zero  or  o  blocks  of 
the  rheostats  are  connected  together,  and  the  coils  are  joined  be- 
tween the  oXh&c  blocks  as  shown  in  the  figure,  so  that  if,  say,  the 
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*  tens '  plug  is  placed  in  the  block  numbered  *  7/  and  the  *  units ' 
plug  in  the  block  numbered  *  4,'  the  total  resistance  of  the  arm 
would  be  74". 

To  complete  the  other  side  of  the  bridge,  block  g  is  con- 
nected to  the  terminal  h,  and  between  this  and  terminal  l  is 
joined  the  conductor  whose  resistance  has  to  be  ascertained. 

Between  the  blocks  f  and  g  the  galvanometer  must  be  con- 
nected, the  path  for  which  through  the  key,  k,  is  shown  by  the 


Fig.  96. 
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dotted  lines.  Theoretically  the  range  of  the  bridge  as  illustrated 
in  fig.  95  is  from  coi-  to  9900",  but  practically  it  is  more  re- 
stricted than  this,  the  working  range  of  the  instrument  being  from 
i"*  to  1000".  Outside  these  limits  an  increase  of  battery  power 
is  necessary  in  order  to  obtain  satisfactory  results. 

Fig.  96  shows  the  positions  of  the  apparatus  employed  and 
the  connections  involved  for  testing  insulation  resistance.  One 
pole  of  the  battery  of,  say,  30  cells  is  joined  to  terminal  a,  which 
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is  joined  direct  to  earth  by  way  of  terminal  p.  The  other  pole  of 
the  battery  is  joined  to  terminal  b,  which  is  connected  to  the 
*  shunt'  block  n,  from  which  the  current  passes  direct  to  the 
galvanometer  and  thence  to  another  block,  m.  A  plug  is  em- 
ployed to  continue  the  path  to  the  block  s,  and  thence  through 
a  resistance  of  io,ooo*  to  the  pole  of  the  battery  connected  to 
terminal  a.  The  galvanometer  however,  being  somewhat  sensi- 
tive, gets  too  much  current  when  the  resistance  in  circuit  with 
the  full  battery  is  only  10,000"',  and  it  will  be  observed  that 
between  the  shunt  block  n  and  the  block  m  there  are  three 
shunt  paths  having  reducing  powers  of  5,  20,  and  100  respect- 
ively. If  we  suppose  the  highest  shunt  to  be  employed,  then 
the  galvanometer  reading  should  be  multiplied  by  100,  or,  what 
amounts  to  the  same  thing,  if  the  galvanometer  with  the  one- 
hundredth  shunt  gives  with  the  io,ooo*  coil  in  circuit  a  deflection 
of,  say,  25  divisions,  then  the  same  deflection  would  be  obtained 
were  the  unshunted  galvanometer  placed  in  circuit  with  a 
resistance  of  10,000  x  100=  1,000,000*.  But  if  the  battery  can 
produce  a  deflection  of  25  divisions  through  i  megohm, 
it  will  give  one  division  through  25  megohms,  and  this 
latter  resistance  is  the  'constant'  of  the  instrument  under 
these  particular  conditions.  This  constant  we  consider  a  better 
and  simpler  one  to  employ  than  that  usually  adopted,  although 
of  course  the  ultimate  results  are  the  same.  We  repeat,  then, 
that  the  constant  which  we  adopt  is  the  value  of  that  resist- 
ance through  which  the  battery  employed  can  produce  a  deflec- 
tion of  one  division  on  the  unshunted  galvanometer.  Having 
determined  the  constant,  we  are  now  in  a  position  to  make  an 
insulation  test.  Let  the  plug  be  removed  from  the  hole  between 
M  and  s,  and  now  placed  in  the  hole  between  m  and  R.  The 
current  will  then  pass  to  terminal  q  and  thence  into  the  con- 
ductor of  the  cable  under  test,  one  end  of  the  conductor  being 
joined  to  Q,  the  distant  end  being  of  course  carefully  insulated. 
Should  the  unshunted  galvanometer  now  give  a  deflection  of 
25  divisions,  the  resistance  of  the  insulating  material  is  clearly 
one  megohm.  One  or  other  of  the  shunt  coils  can,  if  necessary, 
be  used  in  this  test  as  well  as  in  the  preliminary  test  for  the 
constant,  and  .the  reading  of  the  galvanometer  should  then  be 
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multiplied  accordingly  in  order  to  obtain  the  theoretical  deflec- 
tion which  the  unshunted  galvanometer  would  give.  Suppose, 
for  example,  that  the  insulation  resistance  is  so  low  that  when 
the  twentieth  shunt  is  employed  by  inserting  the  plug,  the 
reading  obtained  is  \2\  divisions,  then  the  deflection  on  the 
unshunted  galvanometer  would  be  12^  x  20  =  250  divisions. 
But  one  division  corresponds  to  25  megohms,  therefore  250  divi- 
sions would  indicate  a  resistance  of-^*       '-       =  100,000  ohms. 

250 

In  fact,  to  obtain  the  value  of  any  resistance  it  is  sufficient  to 
divide  the  *  constant '  by  the  deflection  which  would  be  obtained 
through  that  resistance  on  the  unshunted  galvanometer. 

The  key,  k,  can,  with  the  holes  in  the  blocks  from  f  to  g 
plugged  up,  be  employed  as  a  means  for  short-circuiting  the 
galvanometer.  This  is  frequently  a  great  convenience,  as  its  use 
facilitates  the  reading  of  the  instrument  by  checking  the  oscilla- 
tions of  the  needle. 
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CHAPTER  VI. 

MEASUREMENT   OF   ELECTRO-MOTIVE   FORCE 

In  all  classes  of  electrical  work  it  is  important  to  be  able  to 
accurately  measure  potential  difference,  or  electro- motive  force, 
and  no  better  introduction  to  this  branch  of  the  subject  can  be 
obtained  than  that  furnished  by  the  study  of  the  methods  by 
which  the  electro -motive  force  of  batteries  can  be  compared.  By 
Ohm's  law  we  know  that  e  =  c  r,  where  r  is  the  total  resistance 
of  any  circuit  measured  in  ohms,  c  the  current  in  amperes  flowing 
through  it,  and  e  the  electro-motive  force  in  volts  which  maintains 
that  current.  So  that,  whenever  the  resistance  and  the  current 
strength  are  known,  the  e.m.f.  can  be  ascertained  by  multiplying 
these  two  quantities  together.  For  instance,  if  a  battery  having  a 
resistance  of  15  ohms  is  joined  up  to  send  a  current  through  a 
galvanometer  of  320  ohms  resistance,  with  a  rheostat  having  960 
ohms  unplugged,  also  in  circuit,  and  if  the  resulting  current  is 
found  to  be  8  milliamperes,  then  the  electro  motive  force  of  that 
bittery  is  c  x  R  or  -008  x  1295  =  10*36  volts. 

The  measurement  of  current  strength  presents  but  little  diffi- 
culty, but  it  is  not  often  that  the  total  resistance  in  the  circuit  is 
accurately  known  without  measurement,  and  thus  two  tests  at  least 
are  rendered  necessary  in  order  to  ascertain  the  e.m.f.  by  this 
method.  In  practice  it  is  usual  to  take  some  good  constant  cell 
or  battery  whose  E.M.r.  is  known  exactly  and  compare  the  unknown 
electro-motive  forces  with  that  of  this  *  Standard '  cell  or  battery. 
The  accuracy  of  the  results  depends,  of  course,  upon  the  accuracy 
of  the  value  which  is  given  to  the  e.m.f.  of  this  standard,  and 
upon  its  constancy. 

The  best  cell  for  a  standard  is  that  devised  by  Latimer  Clark, 
and  described  in  Chapter  III.  If  carefully  used  it  will  remain 
constant  for  years ;  but,  as  it  polarises  quickly,  it  should  not  be 
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allowed  to  send  so  strong  a  current  as  even  one  milliampere,  and, 
if  possible,  should  only  be  used  in  those  tests,  to  be  presently 
described,  in  which  the  batteries  are  tested  when  they  are  not 
sending  any  current  at  all,  but  simply  maintaining  a  potential 
difference.  A  rather  serious  drawback  to  this  cell  is,  that  its 
E.M.F.  varies  with  a  change  of  temperature,  falling  as  the  tem- 
perature rises  ;  and  although,  the  temperature  being  known,  the 
variation  of  e.m.f.  can  be  allowed  for,  such  calculations  are  in- 
convenient and  take  time.  Its  e.m.f.  at  15°  Centigrade  is  1*435 
volt. 

The  Daniell  cell  when  in  good  condition  does  not  polarise, 
even  when  developing  a  strong  current,  and  it  has  the  further 
advantage  that  a  considerable  variation  of  temperature  makes 
little  or  no  difference  in  its  e.m.f.  It  is,  therefore,  a  good 
standard  for  use  in  the  workshop,  and  any  form  of  Daniell  cell  in 
first-rate  order  may  be  employed,  especially  when  the  tests  are 
independent  of  the  battery  resistance.  But  it  must  be  remembered 
that  the  plates  should  be  bright  and  clean,  the  supply  of  crystals 
in  the  copper  cell  plentiful,  and  the  solution  in  the  zinc  cell  half 
saturated.     The  e.m.f.  then  is  1*079  volt. 

Since  the  current  which  a  battery  can  develop  is  proportional 
to  its  E.M.F.,  it  is  evident  that  the  e.m.f.  of  two  batteries  can  be 
compared  by  observing  the  currents  which  they  send  through 
circuits  offering  equal  resistances.  The  Daniell  cell  should  be 
used  as  the  standard  in  this  case,  and  if  it  gives  on  a  tangent 
galvanometer  25  divisions  deflection  through  a  total  resistance 
of,  say,  1,000*,  while  another  cell  or  battery  gives  62*5  divisions 
through  the  same  resistance,  then 

25  :  62-5  ::  E  :  jr, 

where  e  is  the  e.m.f.  of  the  standard  cell,  and  .r  that  of  the 
battery  under  measurement. 

Therefore  .r  =       ^—         '^  =  27  volts  nearly. 

25 

One  objection  to  this  method,  when  the  external  resistance  is 
low,  is,  that  it  is  necessary  to  know  the  resistance  of  the  batteries, 
in  order  that  the  total  resistance  may  be  made  the  same  in  both 


Digitized 


by  Google 


CHAP.  Ti.  Comparison  Tests  175 

cases  j  but  if  the  resistance  of  the  external  circuit  is  comparatively 
high,  then  the  resistance  of  the  batteries  may  be  ignored. 

In  this  simple  method,  the  external  resistance  is  kept  constant, 
while  the  current  varies.  The  different  currents  are  then  measured 
and  the  relative  e.m.f.  deduced  therefrom  directly,  as  the  e.m.f. 
varies  directly  as  the  current  produced. 

But  it  is  also  possible  to  compare  electro-motive  forces  by 
varying  the  resistance  and  keeping  the  current  constant,  in  which 
case  the  electro-motive  force  is  proportional  to  the  resistance  ;  for, 
the  higher  the  e.m.f.,  the  greater  is  the  resistance  through  which 
it  can  send  a  given  current.  One  great  advantage  in  connection 
with  this  method  is,  that  any  kind  of  galvanometer  which  may 
be  available  can  be  employed,  because  the  same  deflection  is  pro- 
duced in  every  case.  In  order  to  compare  the  e.m.f.  of  any 
battery  jc,  with  the  standard  cell  e,  we  should  in  this  method  join 
up  the  standard  cell  in  circuit  with  a  rheostat  and  galvanometer, 
varying  the  resistance  so  as  to  obtain  a  convenient  deflection  of,  say, 
45°,  and  noting  carefully  the  total  resistance,  Rj,  in  circuit.  The 
battery  to  be  tested  should  next  be  joined  up,  and  the  resistance 
altered,  say,  to  r^,  so  as  to  reproduce  the  deflection  of  45°. 

Then  jc  :  e  ::  Rj  :  R|,  or  :r  =  ^^l. 

In  this  test,  too,  the  resistances  of  the  standard  cell,  the  battery, 
and  the  galvanometer  must  be  known  and  taken  into  account 
unless  the  resistance  in  the  rheostat  is  comparatively  high,  when 
these  other  resistances  may  be  ignored. 

But  by  a  simple  extension  of  this  method,  it  is  possible  to 
obtain  an  accurate  result  without  knowing  either  of  these  three 
resistances.  The  process  consists  in  first  joining  up  the  standard 
cell,  E,  in  the  same  manner  as  in  the  previous  test,  and  then 
adjusting  the  rheostat  until  a  deflection  of,  say,  45°  is  obtained. 
The  resistance  should  then  be  increased  until  the  deflection  falls 
to,  say,  35°,  noting  carefully  the  exact  number  of  ohms,  p,  by 
which  the  resistance  is  increased,  in  order  to  bring  about  the 
reduction  in  the  deflection.  The  battery,  whose  electro-motive 
force,  Xj  it  is  desired  to  measure,  must  now  be  substituted  for  the 
standard  cell,  and  the  resistance  again  adjusted  until  the  deflection 
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of  45®  is  reproduced.  This  resistance  should  then  be  increased 
by,  say,  g  ohms  until  the  deflection  is  once  more  35°.  Then,  as 
shown  below,  • 

jc  :  E  : :  Q  :  p,  or  ^  =  E  ^  volts, 
p 

To  take  an  example.  If  with  the  Daniell  cell  as  a  standard  the 
insertion  of  720  ohms  reduces  the  deflection  10°,  that  is  to  say, 
from  45°  to  35°,  and  when  the  battery  whose  e.m.f.  is  to  be  mea- 
sured is  substituted  it  is  found  necessary  to  add  2,300  ohms  to 
reduce  the  deflection  through  the  same  10°,  then 

^=  1-076  X  ^"^^^  =3*446  volts  nearly. 
720 

This  is  a  very  good  method,  and  it  is  interesting  and  instruc- 
tive to  observe  how  the  battery  and  galvanometer  resistances  are 
eliminated.     This  may  be  shown  by  Ohm's  law  as  follows  : — 

Let  G  be  the  resistance  of  the  galvanometer,  r^  the  internal 
resistance  of  the  standard  cell,  and  r,  the  resistance  in  the  rheo- 
stat when  the  needle  is  deflected  through  45°  by  the  current  whose 
strength  is  indicated  by  Cj,  then 

R|  +  n  +  G 

Also  let  ^2  be  the  resistance  of  the  battery  whose  e.m.f.  is  to  be 
deduced,  and  R2  the  resistance  in  the  rheostat  necessary  to  repro- 
duce the  deflection  of  45°,  or  when  the  current  strength  can  again 
be  indicated  by  Ci,  then 

c, •^"— , 

Rs  +  ''a  +  G 

E  V 

therefore -  = "  ~- 

Ri  +  rj  H-  G      R2  +  ^2  +  G 

or  e(r2  +  ^2  +  g)  =  x{k^  +  r,  +  g)   .     .     .     .     (i) 

When  the  resistances  Rj  and  Rj  are  increased  by  p  and  Q  respec- 
tively to  obtain  the  deflection  of  35®  which  will  correspond  to  a 
current  strength  which  can  be  called  C2,  then 

c.  = E  ^  X    

^         Rl  +  ^1  +  G  +  P         R2  +  ^2  +  G   +•  q' 

therefore     e(r2  +  r^  +  g)  4-  e  Q  =  ^(Ri  +  r,  +  g)  +  ;cp     .     (2). 
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Subtracting  equation  (i)  from  (2)  we  get 

E  Q  =  :v  P, 

therefore  ^  =  e   . 

p 

To  ensure  accurate  results  it  is  essential  that  the  galvanometer 
for  this  test  should  be  sufficiently  sensitive  to  indicate  a  very  slight 
alteration  in  the  current  strength,  and,  if  possible,  the  resistances 
p  and  Q  should  be  as  high  as  or  even  higher  than  the  total  resist- 
ance in  the  circuit  prior  to  their  insertion. 

There  is  another  good  method  which  is  sometimes  very  con- 
venient because  it  is  not  necessary  to  know  or  ascertain  the  actual 
resistance  of  any  portion  of  the  apparatus,  whether  it  be  the  gal- 
vanometer, the  rheostat,  or  the  battery.  As  in  the  previous  tests, 
we  may  denote  the  e.m.f.  of  the  ^^^  ^^ 

standard  cell  by  e,  and  that  of  ^— >. 

the  battery  to  be  measured  by  x,     1 U  4.  i- 

The  standard  cell  e  and  battery     I  V-^' 

.r  are  joined  up  in  series,  so  that 
they  assist  each  other  in  sending 
a  current  through  a  rheostat  or 
set  of  resistance  coils,  r,  and  a 

tangent  galvanometer,  g  (fig.  97),    I — --|| |j|L 

and  the  resistance  adjusted  until  c  I  Mr 

a  fairly  high  deflection,  say,  sixty-five  tangent  divisions,  is  obtained. 
Then,  on  reversing  the  standard  cell  (supposing  it  to  be  of  lower 
E.M.F.  than  X)  so  that  the  two  e.m.f.'s,  x  and  e,  are  opposed  to  each 
other,  the  resulting  current  will  manifestly  be  due  to  the  difference 
between  the  two  e.m.f. 's,  and,  as  the  total  resistance  remains  un- 
altered, the  current  and  the  deflection  produced  by  it  will  be 
diminished,  say,  to  twenty-five  divisions.  Then,  denoting  the  first 
deflection  (sixty-five  divisions)  due  to  both  e.m.f. 's  by  d,  and  the 
second  deflection  (twenty-five  divisions),  due  to  the  difference 
between  the  two  e.m.f.'s  when  opposed,  by  d. 


or  a:  =  e 


D  +  ^  :  D  —  ^, 


D  —  ^ 
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Inserting  the  values  as  above,  we  get 

jt:  =  1-070  X  ^5_+_?5  --  2*428  volts  nearly. 
65-25         ^ 

The  object  of  reversing  the  battery  or  cell  of  lower  e.m.f.  is  to 
obtain  both  deflections  on  the  same  side  of  the  zero  point.  Were 
the  battery  of  higher  e.m.f.  to  be  reversed,  it  would  cause  the 
needle  to  be  deflected  to  the  opposite  side  of  the  zero,  and  if 
the  pointer  happened  to  be  bent  an  incorrect  result  would  be 
obtained. 

If,  when  joined  up  in  opposition,  no  deflection  is  obtained, 
then  the  electro-motive  force  of  the  standard  cell  will  be  the  same 
as  that  of  the  battery  under  test,  or  e  =  at.  The  only  objection  to 
the  method  is  that  in  the  first  case  the  weaker  battery,  which  is 
usually  the  standard  cell,  has  a  rather  strong  current  flowing 
through  it  which  may  lower  its  E.M.F.,  while,  when  joined  in 
opposition,  the  current  is  passing  in  the  opposite  direction  and 
will  almost  certainly  cause  a  slight  increase  in  its  e.m.f.  In  order 
to  eliminate  as  much  as  possible  this  source  of  error,  it  is  advisable 
to  introduce  a  *key'  or  contact-maker  to  open  and  close  the 
circuit  at  will,  as  shown  in  fig.  97.  By  the  skilful  manipulation  of 
this  key  the  needle  can  be  brought  to  rest  immediately  without  a 
single  oscillation,  and  the  deflection  then  read  before  any  appreciable 
alteration  of  the  e.m.f.  can  take  place.  As  a  further  precaution, 
the  resistance  in  circuit  should  be  made  as  high  as  possible  so  as 
to  reduce  the  strength  of  the  current.  By  such  means  the  objec- 
tion becomes  almost  entirely  obviated.  To  admit  of  high  resist- 
ance being  placed  in  the  circuit,  the  320"  coil  of  the  galvanometer 
should  be  used  unshunted,  and  the  magnet  placed  rather  low 
down  with  its  north  pole  pointing  northwards,  so  that  it  will  act  in 
opposition  to  the  earth's  magnetism. 

That  the  resistance  of  the  batteries  and  galvanometer  need  not 
be  known  or  ascertained  is  evident  from  the  fact  that  they  form  part 
of  the  constant  total  resistance,  which  is  the  same  in  each  case  and 
which  need  not  enter  into  the  calculation.  This  may  be  shown 
algebraically,  for  if  we  let  R  indicate  the  total  resistance  in  circuit 
(including  batteries  and  galvanometer),  Cj  the  current  in  the  first 
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case  giving  deflection  d,  and  c^  the  weaker  current,  giving  deflec- 
tion dy  then 

c,-     ^    ,orR-     ^     , 
and  C2  =  • ,  or  R  = , 

R  C2 

Therefore =  -~"    ,  or,  since  the  currents  are  proportional 

C,  0-2 

to  the  deflections  in  tangent  divisions,  •?  "^^  =  ^■~_^. 

D  d 

Whence  d^  —  de=//^-|-^e, 

Jf(D-^    =e(d  +  //), 

^  =  E^-+i 

D— tf 

It  will  doubtless  be  remembered  that,  if  the  poles  of  a  battery 
are  joined  by  a  short  piece  of  thick  wire  having  practically  no  re- 
sistance, the  current  flowing  through  the  circuit  will  depend  simply 
upon  the  e.m.f.  of  the  battery  and  its  internal  resistance.  Now, 
the  thick-wire  coils  of  the  tangent  galvanometer  which  we  have 
described  are  of  very  low  resistance,  and  may  be  used  for  the 
measurement  of  the  current  which  a  battery  can  give  under  these 
conditions.  Thus,  supposing  a  battery  of  twenty  Daniell  cells, 
having  a  resistance  of  5  ohms  per  cell,  were  joined  up  to  send 
a  current  through  one  of  the  low  resistance  coils  of  the  tangent 

galvanometer,  the  current  flowing  would  be  ^^ — L^^  =  -2158  of 

an  ampere,  and  the  current  from  one  cell,  or  100  similar  cells, 
should  be  the  same,  because  when  the  e.m.f.  is  increased  by 
increasing  the  number  of  cells,  the  internal  resistance — that  is,  the 
total  resistance  in  circuit — is  increased  in  the  same  proportion. 
A  galvanometer  with  a  very  low  resistance  coil  affords,  therefore, 
a  means  of  rapidly  testing  the  condition  of  a  number  of  similar 
batteries,  for  the  deflection  of  the  needle  will  be  decreased  if  either 
the  internal  resistance  of  any  cell  is  above,  or  the  e.m,f.  of  any 
cell  below  the  standard.  It  is,  then,  only  necessary  to  ascertain 
the  deflection  given  by  a  cell  or  a  battery  known  to  be  in  good 
condition,  and  adopt  this  as  the  standard.     Then  if  a  batter}-,  say. 
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of  ten  cells  gives  a  current  equal  to  that  of  the  standard  cell,  it 
may  be  fairly  concluded  that  the  battery  is  in  good  condition,  but 
if  a  second  similar  battery  gives  a  deflection  of  seven  or  eight 
degrees  less,  then  the  conclusion  is  that  there  is  something  wrong 
with  it ;  its  resistance  is  too  high  or  its  e.m.f.  too  low.  The  matter 
may  be  quickly  decided  by  joining  up  the  faulty  battery  in  oppo- 
sition with  the  similar  battery  known  to  be  good— that  is  to  say, 
joining  their  copper  or  positive  poles  together  and  their  zinc  or 
negative  poles  to  the  galvanometer.  If  they  then  give  no  deflec- 
tion, we  know  that  their  electro-motive  forces  are  equal,  and  the 
fault  is  proved  to  be  one  of  high  resistance.  If,  on  the  other 
hand,  a  current  is  produced,  there  must  be  a  difference  in  e.m.f., 
and  the  fact  that  the  suspected  battery  is  the  faulty  one  would  be 
demonstrated  if  the  direction  of  deflection  were  such  as  to  prove 
that  the  other  is  urging  a  current  through  it. 

But  galvanometers  with  short  thick  wire  coils  having  but  a 
few  convolutions  are  only  affected  by  very  powerful  currents,  and 
are  only  used  where  it  is  essential  that  the  introduction  of  the 
instrument  into  any  circuit  should  have  no  appreciable  effect  upon 
the  strength  of  the  current  flowing  through  it.  When  this  re- 
striction is  not  imposed  increased  accuracy  can  usually  be  obtained 
by  employing  a  more  delicate  instrument,  in  which  a  coil  of  many 
turns,  and  generally  of  fine  wire  offering  a  high  resistance,  is  em- 
ployed ;  because,  although  the  current  through  the  galvanometer 
is  weakened  by  the  added  resistance,  the  effect  is  more  than 
balanced  by  the  increased  number  of  times  which  the  current 
travels  round  the  needle.  In  fact,  the  flow  of  a  very  feeble 
current  through  such  an  instrument,  or  the  maintenance  of  a  very 
low  difference  of  potential  at  its  terminals,  may  suffice  to  produce 
a  good  deflection,  while  under  similar  conditions  a  galvanometer 
with  a  thick  wire  coil  would  be  unaffected.  It  was  observed,  when 
considering  the  Wheatstone  bridge  method  of  measuring  resistances 
(Chapter  V.),  that  one  great  advantage  pertaining  to  it  is,  that  in 
making  the  final  adjustment  only  a  very  weak  current  or  no 
current  at  all  passes  through  the  galvanometer.  It  is  therefore 
practicable  in  such  cases  to  use  a  very  delicate  instrument,  and,  in 
order  to  prevent  damage  l)eing  done  to  the  needle  or  its  pivot,  or 
t6  prevent  the  coils  being  fused  by  the  passage  of  a  heavy  current, 
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the  coil  can  be  shunted  until  the  adjustments  are  almost  com- 
pleted. 

It  will  also  be  remembered  that  the  instrument  need  not  be 
of  any  particular  design,  since  the  final  result  is  obtained  with  the 
needle  undeflected ;  a  galvanometer  such  as  this  can  also  be 
employed  in  several  methods  which  have  been  devised  for  the 
comparison  of  electro-motive  forces,  in  which  the  instrument  is 
simply  used  to  denote  the  absence  of  a  current,  and  in  which, 
therefore,  the  consequent  advantages  are  the  same  as  in  the  case 

Fig.  98. 

c/— ^  s  c^ . 


E  -r 


©■ 


•    R#   »         J 


of  the  Wheatstone  bridge.     Fig.  98  shows  the  connections  for  one 
such  method. 

E  is  the  standard  cell,  and  x  the  battery  whose  e.m.f.  is  to 
be  measured.  Ri  R2  are  two  sets  of  resistance  coils,  and  G  is  a 
delicate  galvanometer.  A  certain  resistance  is  introduced  into  the 
circuit  by  unplugging  the  necessary  coils  in  Rj,  and  the  resistance 
in  Rj  is  adjusted  until  the  current  ceases  to  pass  through  the 
galvanometer,  thus  showing  that  the  two  points,  s  and  t,  have 
been  brought  to  the  same  potential.     This  being  the  case,  then 

•^  •  E  > •  Rj  •  R|> 

therefore  a-  =  e    2. 

As  an  example,  suppose  the  Daniell  cell  to  be  used  as  a 
standard,  and  Ri  fixed  at  1,000  ohms,  while  the  potentials  at  s 
and  T  are  equalised  by  making  Rj  5,650  ohms,  then 

X  =  I '079  X  5-5°  _  j.Q^^  ^  j.gj  _  6-096  volts, 

1000 
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Fig.  99. 
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It  will  be  observed  that  the  working  out  of  this  example  is 
simplified  on  account  of  Ri  being  made  1,000  ohms.  For  this 
reason  it  is  preferable  to  always  make  the  resistance  in  the  same 
arm  as  the  standard  cell  some  multiple  of  10,  and  obtain  a  balance 
by  adjusting  the  other  set  of  coils. 

The  horizontal  galvanometer  designed  for  use  with  the  Wheat- 
stone  bridge  answers  very  well  for  this  test,  and,  as  will  be  seen 

from  fig.  99,  the  bridge 
itself  may  be  used  for  the 
two  sets  of  coils  and  then 
the  usual  key  can  be  em- 
ployed in  the  galvanometer 
circuit,  while  the  *  infinity ' 
plug  between  a  and  d  can 
be  used  to  break  the  battery 
circuit  and  so  minimise  any 
error  due  to  polarisation. 

When  a  delicate  galva- 
nometer is  not  available, 
Ri  and  Ra  must  be  lower, 
but  then  the  battery  resistances  become  important  and  cannot 
be  ignored.  They  may,  however,  be  eliminated  by  increasing  one 
of  the  resistances,  say  Rj,  by  a  certain  amount,  say  p  ohms,  and 
obtaining  a  balance  again  by  increasing  r^  by  q  ohms. 

Then  jc  :  e  ::  q  :  p. 


..> 


X 


therefore 


jcss  e9. 


The  electro-motive  forces  are,  in  fact,  simply  proportional  to  the 
increase  of  the  original  resistances  r,  and  Rj. 

For  example,  if  after  one  balance  had  been  obtained,  we  were 
to  increase  the  resistance  r,  by  500  ohms,  and  again  obtain  a 
balance  by  adding  2,852  ohms  to  Rj  ;  then  p  =  500  and  q  = 
2852,  therefore 

X  =  1*079  X     -  ^_  =  6*155  volts. 
500 

The  proof  of  the  method  depends  upon  two  laws  demonstrated 
by  KirchhofT,  which  we  will  endeavour  to  explain. 
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Let  the  resistance  Ri  (fig.  98)  be  slightly  reduced,  so  that  the 
balance  is  upset,  then  the  currents  in  the  three  arms  will  flow  in 
the  direction  indicated  by  the  arrows. 

The  first  of  Kirchhoff's  laws  (which  is  almost  self-evident  in 
the  present  simple  case)  states  that  the  current  flowing  to  the 
point  s  is  equal  to  the  sum  of  the  currents  flowing  from  it,  that  is, 

c,=  C2+c (i). 

The  second  law  declares  that  in  any  complete  circuit,  even 
when  it  forms  part  of  a  network,  as  r,  es  t,  the  sum  of  the  pro- 
ducts of  the  current  strength  in  each  arm  into  the  resistance  of 
that  arm  is  equal  to  the  sum  of  all  the  electro-motive  forces  in  the 
circuit.  That  is  to  say,  if  in  each  arm  or  portion  of  the  circuit 
the  individual  resistance  of  that  arm  is  multiplied  by  the  strength 
of  the  current  flowing  through  that  resistance,  and  if  all  the  pro- 
ducts so  obtained  are  added  together,  then  the  sum  so  produced 
will  be  exactly  equal  to  the  sum  obtained  by  adding  together  all 
the  electro-motive  forces  in  the  various  arms  of  the  circuit. 

The  algebraical  sum  must,  of  course,  be  taken  ;  for  instance, 
if  two  currents,  or  two  E.M.F.'s,are  opposite  in  direction,  one  must 
be  reckoned  as  plus  and  the  other  as  minus. 

In  the  circuit  r,est  the  only  e.m.f.  is  that  of  the  standard 
cell,  which  we  denote  by  e,  and,  neglecting  the  internal  resistance 
of  this  cell,  we  form  the  second  equation  thus  : 

E  =  C,Ri  +  CG (2) 

G  being  the  resistance  of  the  galvanometer. 

Similarly,  in  the  circuit  Rj^vst,  the  only  e.m.f.  is  ^,  but  the 
currents  in  the  two  arms  are  in  opposite  directions.     Therefore 

JC  =  C2  R2  -  c  G (3). 

By  inserting  in  (2)  the  value  of  c,,  given  in  (i),  we  get 
E  =  (C2  +  c)  Rj  +  CG, 
that  is,  E  =  C2  R,  -i-  c  Ri  +  c G (4). 

From  (3),  C3  =  — ; 


Digitized 


by  Google 


184  Electrical  Engineering  chap.  vi. 

and,  inserting  this  value  for  Cj  in  (4),  we  get 

Rj 

R2  E  ^—  CRjG"f~  R|i^"T"CR|  R2  "x    CGR2J 

therefore  C  =         ^2  e  -  Ri  :xr  ^^^ 

Rj  G  T"  R|  R2  "^  R2  G 

This  equation  gives  us  the  value  of  the  current  flowing  in  the 
galvanometer  circuit  when  the  balance  is  upset,  in  terms  of  the 
various  electro-motive  forces  and  resistances.  But  in  making  the 
test  we  adjust  so  that  no  current  flows  through  the  galvanometer ; 
therefore,  when  a  balance  has  been  obtained,  c  =  o,  and,  conse- 
quently, the  fraction  which  forms  the  right-hand  side  of  equation 
(5)  is  equal  to  o. 

Therefore,  the  numerator  of  the  fraction 


(6). 


R2  E  -  Rj  JC  =  0, 

that  is, 

Rj  E  =  Ri  x^ 

and 

which  proves  the  case  when  the  battery  resistances  are  so  small 
as  to  be  negligible. 

Equation  (6)  holds  good,  in  fact,  so  long  as  r^  and  Ra  represent 
the  total  resistance  in  their  i;espective  arms  of  the  system. 

When  the  resistances  of  the  batteries  cannot  be  ignored,  they 
must  be  added  to  r,  and  Rj  respectively  to  make  up  the  total 
resistance  in  the  arm,  and  then  equation  (6)  becomes 

e(r2  +  ^.^)  =  ^(Ri  +r,) (7) 

where  r,  is  the  resistance  of  the  standard  cell,  and  r^  that  of  the 
battery  under  test.  Also,  when  r,  is  increased  by  p  ohms,  and  R2 
by  Q  ohms, 

e(R2  +  ra  +  Q)  =  :r(R,  +  r,  +  p), 

that  is,  E  (R2  +  ^2)  +  E  Q  =  -^  (^1  +  ''1)  +  -'^  P    •     •     •     (S)- 

Subtracting  (7)  from  (8),  we  obtain 

EQ  =  :rp; 

therefore  a:  =  e  ^. 
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There  are  a  number  of  very  beautiful  methods  for  the  com- 
parison of  electro-motive  forces,  somewhat  similar  in  principle  to 
those  just  described.  We  have  selected  a  few  and  worked  them 
out  at  length,  not  only  because  they  are  in  themselves  interesting, 
but  also  because  they  involve,  in  a  rather  simple  form,  some  very 
important  principles  and  laws  which  the  student  will  do  well  to 
master. 

We  will  now  direct  our  attention  to  a  method  based  upon  a 
somewhat  different  principle.  In  this  case,  again,  no  current 
passes  through  the  galvanometer  when  the  final  adjustment  has 
been  made,  thus  permitting  the  use  of  a  delicate  instrument.  But 
a  further  very  great  point  in  its  favour  is  the  fact  that  the  batteries 
do  not  send  any  current  while  their  e.m.f.'s  are  being  actually 
compared.  Consequently,  the  Latimer  Clark  cell  may  be  used  as 
a  standard  to  the  best  advantage,  and  the  true  e.m.f.  of  a  battery 
subject  to  polarisation,  like  the  Leclanch^,  can  easily  be  measured  ; 
and  further,  since  no  current  flows  through  the  batteries  or  the 
galvanometer  in  the  battery  circuit,  their  resistances  have  no  effect 
whatever,  and  therefore  need  not  be  known. 

If  between  the  ends  a  and  b  (fig.  100)  of  a  uniform  German- 
silver  wire  one  metre  (39*37  inches  or  1,000  millimetres)  in  length. 


8      9      io  B 
T \ — •x'» 


a  potential  difTerence  of  10  volts  is  maintained,  the  fall  of  potential 
will  be  uniform,  say,  from  b  to  a.  Now  it  must  be  possible,  under 
such  conditions,  to  find  a  point  in  the  wire  such  that  the  potential 
difference  between  that  point  and  the  end  a  shall  be  any  desired 
fraction  of  10  volts.  For  instance,  between  a  and  the  middle  of 
the  wire,  c,  the  difference  is  5  volts.  Furthermore,  if  the  negative 
pole  of  the  Clark  standard  cell  e  is  joined  to  the  point  a,  it  will 
assume  the  same  potential  as  that  point,  while  the  end  of  the 
wire  connected  to  the  positive  pole  will  be  1-435  volt  above  that 
potential.     A  galvanometer  may  be  joined  up  on  either  side  of  e 
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without  affecting  the  final  result,  and  if  the  free  end  of  the  wire  is 
joined  to  any  point  near  b  a  current  will  flow  through  the  galvano- 
meter G  in  opposition  to  the  standard  cell,  because  the  potential 
of  the  point  near  b  is  more  than  i'435  volt  above  that  at  a; 
while,  on  the  other  hand,  if  contact  is  made  at  a  point  very  near 
to  A,  where  the  potential  is  less  than  i'435  volt,  the  standard  cell 
will  be  able  to  maintain  a  current  through  the  galvanometer  and 
deflect  the  needle  in  the  direction  opposite  to  that  which  resulted 
from 'making  contact  at  the  point  near  b.  Now,  between  these 
two  positions  a  point,  d,  may  be  found  where  the  needle  will  be 
undeflected,  showing  that  no  current  is  passing  in  either  direction 
through  the  standard  cell  and  galvanometer,  and  this  point  will  be 
such  that  the  difference  of  potential  between  it  and  a  is  equal  to 
the  maximum  difference  of  potential  which  the  standard  cell  can 
produce,  viz.  its  e.m.f.  of  1*435  volt.  Since  each  of  the  ten  equal 
parts  into  which  the  wire  is  divided  represents  a  potential  difference 
of  one  volt,  the  point  d,  at  which  a  balance  is  obtained  with  the 
standard  cell,  should  be  nearly  midway  between  i  and  2.  If  the 
wire  is  perfectly  uniform  in  resistance,  the  fall  of  potential  will  also 
be  perfectly  uniform,  and  the  exact  position  of  the  balancing-{K)int 
would  then  be  143 "5  millimetres  from  a.  This  shows  the  ad- 
vantage of  having  a  wire  divided  into  1,000  equal  divisions.  As 
another  example,  suppose  the  standard  cell  were  replaced  by  a 
battery  of  unknown  e.m.f.,  we  could  readily  find  its  e.m.f.  by 
making  contact  at  different  points  along  a  b  until  the  absence  of 
a  current  through  the  galvanometer  indicated  that  a  point  had 
been  touched  where  the  e.m.f.  is  balanced.  If  this  point  were 
970  millimetres  from  a,  then  the  e.v.f.  of  the  battery  would  be 
97  volts.  We  have  remarked  that  the  resistance  of  the  galvano- 
meter and  battery  may  be  high  and  yet  not  affect  the  final  result. 
The  only  objection  to  high  resistance  is  that  when  the  balance  is 
nearly,  but  not  quite,  obtained,  the  potential  difference  tending 
to  send  a  current  through  the  galvanometer  is  very  small,  and  if 
the  resistance  in  the  galvanometer  circuit  is  very  high  the  resulting 
current  will  be  weak  and  may  not  be  able  to  affect  the  instrument. 
This  would  prevent  the  balancing-point  being  found  exactly,  and 
it  is  a  good  plan,  in  order  to  avoid  such  want  of  sensitiveness, 
to  employ  a  very  delicate  galvanometer,  and  place  a  set  of  high 
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resistance  coils  in  circuit  with  it.  At  first  all  the  resistance  should 
be  unplugged  ;  it  can  then  be  reduced  as  the  adjustment  becomes 
approximately  correct,  the  final  adjustment  being  made  with 
all  the  resistance  out  of  circuit.  '  Injury  to  the  galvanometer  may 
thus  be  avoided,  and  the  greatest  possible  degree  of  accuracy 
attained. 

It  is  clear  that  if  we  could  with  certainty  maintain  a  constant 
potential  difference  between  the  extremities  of  the  graduated  wire, 
no  standard  cell  would  be  required,  and  it  would  be  very  conve- 
nient to  be  able  to  measure  e.m.f.'s  as  simply  proportional  to  a 
certain  length  of  the  wire.  It  is  difficult,  however,  to  maintain 
any  given  difference  of  potential  between  two  points  for  any  length 
of  time,  and  therefore  in  practice  a  slightly  different  arrangement 


to  that  just  described  is  adopted.  A  current  is  sent  through  the 
wire  A  B  (see  fig.  10 1)  from  some  fairly  constant  generator,  p,  such 
as  a  good  low  resistance  battery  or  a  few  of  the  *  secondary  cells  ' 
to  be  described  hereafter,  sufficient  to  maintain  between  a  and  b 
a  potential  difference  greater  than  that  of  the  highest  e.m.f.  to 
be  measured.  The  wire  is  stretched  over  a  scale  divided  into  a 
thousand  parts,  and  therefore,  if  of  uniform  gauge  and  material, 
the  fall  of  potential  along  one  of  these  units  is  equal  to  a  thousandth 
part  of  the  fall  along  the  whole  wire.  The  Clark  cell,  e,  and  the 
battery  to  be  measured,  x^  are  joined  up  with  their  negative  poles 
connected  through  a  galvanometer,  g,  and  a  set  of  coils,  r,  to  the 
point  A,  as  shown  in  fig.  10 1.  Their  other  poles  are  connected  to 
sliders,  by  means  of  which  contact  may  be  quickly  made  with  any 
point  along  the  wire.  The  whole  of  the  resistance  is  put  in  circuit 
at  first,  and  the  slider  connected  to  the  standard  battery  is  shifted 
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along  until  a  point  is  found  where  the  deflection  on  the  galvano- 
meter is  very  slight  when  contact  is  made  with  the  wire  a  b.  The 
resistance  r  is  then  gradually  reduced  until  the  exact  point  (d) 
is  found.  The  distance  from  a  to  d  must  be  carefully  noted,  and 
then  a  point,  f,  at  which  the  e.m.f.  of  the  battery  x  is  balanced, 
is  found  in  a  similar  manner.  Now,  the  potential  difference 
between  a  and  d  is  equal  to  the  e.m.f.  of  the  standard  cell — that 
is,  1*435  volt— and  the  potential  difference  between  a  and  f  is 
equal  to  the  e.m.f.  of  the  battery  x.     Therefore 

A  D  :  A  F  ;:  E  :  AT. 

Suppose  A  D  to  be  120,  and  a  f  685,  divisions  ;  then 

120  :  685  ::  1-435  •  ^\ 

therefore  x  =  -^5_x  1/435  ^  g-i^  yolts. 

120 

It  will  thus  be  seen  that  it  is  unnecessary  to  maintain  any 
particular  potential  difference  per  unit  of  length  of  the  wire,  for 
this  can  be  immediately  found  by  means  of  the  standard  cell. 
But  it  is  advisable,  after  the  adjustments  have  been  made  as  above, 
to  verify  the  result  by  making  contact  with  both  sliders  at  almost 
the  same  moment,  in  order  to  ascertain  whether  or  not  the  fall  of 
potential  has  varied  during  the  test. 

In  fact,  one  great  feature  in  favour  of  this  arrangement  is  that 
the  test  may  so  be  made  that  a  slight  variation  of  the  potential 
difference  at  the  ends  of  the  stretched  wire  need  not  cause  any  error; 
the  source  of  inaccuracy  which  has  most  to  be  guarded  against  is 
a  want  of  uniformity  in  the  wire  itself.  By  using  a  low  resistance 
battery  a  greater  proportion  of  the  fall  of  potential  takes  place  in 
the  external  circuit—that  is,  along  the  stretched  wire — than  when 
a  high  resistance  battery  is  employed ;  hence  the  suitability  of 
secondary  cells  for  this  purpose.  A  greater  length  of  wire  may  be 
conveniently  obtained  by  stretching  it  backwards  and  forwards 
several  times  upon  a  board.  An  instrument  based  upon  the 
foregoing  principles  for  measuring  potential  differences  is  com- 
monly called  a  potentiometer.  The  wire  is  sometimes  wound  in 
a  spiral  groove  round  an  ebonite  cylinder,  and,  when  made  in 
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this  form,  it  can  easily  be  divided  into  20,000  parts,  but  this  type 
is  rarely  used  for  practical  work. 

In  all  the  preceding  methods  potential  difference  is  measured 
indirectly  or  by  comparison.  Instruments  have,  however,  been 
devised  which  indicate  directly,  in  volts,  the  difference  of  potential 
between  any  two  points ;  such  instruments  are  called  voltnleters. 
That  invented  by  Major  Cardew  is  simple  in  principle,  depending 
upon  the  elongation  of  a  wire  when  heated  by  a  current.  If  a 
wire  is  heated  it  increases  in  length.  This  linear  expansion 
or  extension  is  proportional  to  the  product  of  the  rise  in  tempera- 
ture and  the  coefficient  of  expansion  for  the  particular  wire.  The 
coefficient  of  linear  expansion  is  defined  as  the  elongation  of 
a  body  of  unit  length  when  its  temperature  rises  from  zero 
to  one  degree  (Centigrade),  and  this  coefficient  or  proportional 
extension  in  the  case  of  platinum,  for  example,  is  0*0000088,  so 
that,  for  an  increase  in  temperature  of  lo**  C,  a  yard  of  platinum 
wire  would  be  extended  to  i '000088  yard.  By  measuring  the 
amount  of  extension  produced  by  heating  a  wire,  the  increased 
temperature  can  therefore  be  inferred. 

Now,  when  a  current  of  electricity  passes  through  a  wire  it 
performs  a  certain  amount  of  work  in  overcoming  its  resistance, 
and  the  generation  of  heat  is  the  result.  The  rise  in  temperature 
resulting  from  the  generation  of  a  certain  amount  of  heat  does  not, 
however,  bear  a  simple  ratio  to  that  amount  of  heat.  It  depends, 
in  fact,  upon  the  time  or  duration  of  the  current  and  the  specific 
heat  or  calorific  capacity  of  the  particular  substance.  The  former 
of  these  factors  is  so  very  apparent  that  we  need  not  further 
enkirge  upon  it.  The  spec  Tic  heat  of  a  body  is  defined  as  that 
quantity  of  heat  which  it  absorbs  when  its  temperature  rises 
through  a  given  range — say  from  zero  to  i®  C. — as  compared  with 
the  quantity  of  heat  which  would  be  absorbed  by  an  ec^ual  mass 
of  water  when  its  temperature  is  exalted  through  the  same  range. 
If,  for  example,  a  pound  of  mercury  at  100°  C.  is  mixed  with,  or 
placed  in,  a  pound  of  water  at  zero,  the  temperature  of  the  mixture 
will  only  be  3°  C,  so  that,  while  the  mercury  has  lost  97°,  the 
equal  mass  of  water  has  only  increased  3°,  or,  in  simple  language, 
a  quantity  of  water  absorbs  about  thirty-two  times  as  much  heat 
as  an  equal  weight  of  mercury,  in  undergoing  the  same  exaltation 
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of  temperature.  The  specific  heat  of  water  being  taken  as  unity, 
that  of  mercury  is  therefore  o'o3332.  Similarly,  the  specific  heat 
of  platinum  is  0*03244. 

The  variation  in  the  temperature  of  a  wire  due  to  an  increment 
or  decrement  of  heat,  depends  also  upon  its  weight  or  its  sectional 
area,  for  it  will  be  evident  that  if  two  wires  of  similar  material  and 
of  equal  resistance,  but  of  different  gauge  or  different  weight — 
such,  for  example,  as  a  given  length  of  platinum  wire  weighing 
one  gramme,  and  another  platinum  wire,  twice  as  long,  but  weigh- 
ing four  grammes  (offering,  therefore,  equal  resistances)— have 
the  same  current  passed  through  them,  they  will  not  be  raised  to 
the  same  temperature,  although  the  amount  of  heat  actually 
developed  will  be  the  same  in  each  case.  This  follows  from  the 
fact  that  in  the  one  case  there  is  more  material  to  heat  than  in  the 
other. 

When  a  current  of  electricity  passes  through  a  wire,  and  per- 
forms a  certain  amount  of  work  in  overcoming  its  resistance,  the 
equivalent  of  the  quantity  of  energy  absorbed  in  the  performance 
of  this  work  is  seen  in  the  development  of  a  definite  amount  of 
heat  which  is  imparted  to  the  wire.  The  heat  (h)  developed  in  a 
unit  of  time  is,  in  fact,  directly  proportional  to  the  amount  of  power 
expended  in  overcoming  the  resistance  of  the  conductor — that  is  to 
say,  it  is  proportional  to  the  product  of  the  difference  of  potential,  e, 
between  its  extremities,  into  the  strength  of  the  current,  c,  which 
is  maintained  through  it,  or  h  varies  as  e  x  c.  If  the  resistance 
of  the  wire  remains  constant,  the  value  of  c  varies  directly  as  e  ; 
by  doubling  e,  c  is  also  doubled,  and  the  heat  developed  then 
varies  as  the  square  of  e. 

Again,  the  heat  unit  is  defined  as  that  amount  of  heat  which  is 
required  to  raise  i  gramme  of  water  through  i°C.  in  temperature, 
and  a  potential  difference  of  i  volt  maintained  through  a  resistance 
of  I  ohm  develops  0*24  such  heat  units  per  second — that  is  to 
say,  the  number  of  heat  units,  h,  developed  in  /  seconds,  is 

H  =  024  X  E  c  /. 

As  E  =  c  R,  it  follows  that  e  c  =  c'^  r,  so  that  the  formula 
may  also  be  expressed  by  saying  that 

H  =  024  X  c^  R  /. 
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Collecting  all  these  facts  into  one  simple  formula,  where  t® 
represents  the  rise  in  temperature  in  Centigrade  degrees,  e  the 
potential  difference  in  volts,  c  the  current  strength  in  amperes, 
/  the  time  in  seconds,  h  the  specific  heat,^  the  weight  of  the  metal 
in  grammes,  and  0*24  the  constant  which,  as  pointed  out  above,  is 
necessary  to  obtain  a  result  on  the  Centigrade  scale,  we  may  say 

that  T°  =  0-24  X  ^-^/=  0-24  X  ^^^ ; 

gh  gh 

so  that  a  current  of  one  ampere,  flowing  for  one  second  through 
I  gramme  of  water  (whose  specific  heat  is  i  'o),  and  offering  i  ohm 
resistance,  involving,  therefore,  a  potential  difference  of  i  volt, 
would,  if  all  the  energy  expended  were  devoted  to  the  generation 
of  heat,  be  raised  0*24°  C.  in  temperature. 

Similarly,  if  the  same  current  were  maintained  through  a 
platinum  wire  of  the  same  weight  and  resistance,  the  increase  of 
temperature  would  be 

EC/                         I  X  I  XI                                    I 
T®=  0*24  X  --  V  =0-24  X  — _    .  =  0*24   X 

^      gh  ^     1x0-03244  ^      0-03244 

=  7-4°  C.,  nearly. 

The  coefficient  of  linear  expansion  for  platinum  being 
o'ooooo88,  it  follows  that  with  a  wire  100  inches  long  the  elonga- 
tion produced  by  an  increase  in  temperature  from  0°  C.  to  7-4°  C. 
would  increase  the  length  of  the  wire  to 

100  +  (7*4  x  100  X  0*0000088)  =  100*006512  inches. 

In  the  Cardew  voltmeter  a  length  of  very  fine  platinum -silver 
wire  is  employed,  and  is  heated  by  the  passage  of  the  currents 
whose  E.M.F.  it  is  desired  to  test.  In  each  test,  therefore,  g  and  h 
retain  the  same  values,  and  by  limiting  the  increase  of  temperature 
to  a  few  degrees,  the  very  slight  variation  of  r  becomes  a  negligible 
quantity.  Similarly,  by  employing  a  fine  wire,  it  speedily  rises  to 
such  a  tempetature  that,  with  any  given  current,  the  loss  of  heat 
due  to  radiation  equals  in  amount  that  which  is  developed  by  the 
current.  The  only  really  variable  quantities,  therefore,  are  e  and 
c.  But,  as  already  pointed  out,  c  varies  uniformly  with  e,  and  if 
the  facilities  for  radiation  remain  the  same,  the  increase  of  tem- 
perature, and  with  it  the  elongation,  will  always  be  the  same  for 
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any  given  value  of  e.  Hence,  the  amount  of  elongation  can  be 
made  to  indicate  the  potential  difference  maintained  between  the 
extremities  of  the  wire. 

Simple  as  the  principle  is,  the  construction  of  a  reliable  practical 
instrument  is  a  matter  of  some  difficulty,  and  an  enormous  amount 
of  experimental  work  has  been  performed  in  determining  the  exact 
sources  of  error  to  which  a  Cardew  voltmeter  is  liable.  Fig.  102 
illustrates  the  form  of  this  instrument  adopted  by  Messrs.  Goolden 
after  an  exhaustive  series  of  experiments  extending  over  a  number 
of  years,  and  in  it  the  inherent  sources  of  variation  and  error  are 
practically  eliminated.  The  outer  casing  is  removed  to  show  the 
essential  parts  as  viewed  from  the  back. 

The  platinum -silver  wire  is  0*0025  ^^^  (2^  mils)  in  diameter, 
and  is  fixed  at  one  end  to  the  small  brass  block  w.  Thence  it 
is  led  round  one  of  two  grooved  pulleys  supported  by  a  ring  at  the 
ends  of  two  metal  rods,  g  h^  which  are  about  36  inches  long,  and 
are  fixed  to  the  brass  base-plate.  From  this  pulley  the  wire  returns, 
and  is  passed  round  a  small  pulley,  c ;  thence  it  is  led  to  the 
second  pulley  at  the  top  of  the  rods,  and  is  finally  terminated  at 
the  small  brass  block  n.  The  brass  pieces  m  and  «  are  supported 
by  the  insulating  block  of  varnished  vulcanised  fibre,  which  is 
securely  fastened  to  the  brass  base-plate,  and  ///  and  n  are  con- 
nected each  to  one  of  the  main  terminals  of  the  instrument,  which 
are  insulated  by  ebonite  or  fibre  collars  from  the  brass  casing.  The 
wire  should  pass  round  the  pulleys  at  the  top  of  the  rods  in  such  a 
manner  that  a  pull  at  c  on  the  two  centre  wires  would  cause  both 
pulleys  to  rotate  in  the  same  direction,  and,  the  spindle  being 
pivoted  in  jewelled  holes,  the  friction  is  reduced  to  a  minimum. 

The  small  part,  <:,  referred  to  as  a  pulley,  only  acts  as  such 
during  the  wiring  of  the  instrument,  as  the  extension  of  the  wire 
when  the  apparatus  is  subsequently  used  does  not  cause  it  to 
rotate.  It  is  made  of  vulcanised  fibre,  with  a  small  groove  round 
its  circumference  in  which  the  wire  lies,  and  is  fixed  by  a  small 
screw  passing  loosely  through  its  centre  to  one  end  of  the  thin 
brass  strip  t,  the  other  end  of  which  has  attached  to  it  a  fine 
platinum- silver  wire,  w,  connected  to  the  spiral  spring  s.  The 
tension  of  this  spring,  which  can  be  varied  by  means  of  the  ad- 
justing screw  A,  keeps  the  wires  taut,  and  when  the  main  terminals 
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are  connected  to  points  in  a  circuit  at  different  potentials,  a  cur- 
rent passes— say  to  the  block  m — up  the  wire,  and  round  the  first 
pulley  back  to  the  insulating  reel,  c ;  thence,  again  to  the  top  of 
the  instrument,  round  the  second  pulley,  and  back  by  way  of  n  to 
the  other  terminal.  This  current  heats  the  wire,  which  expands, 
and  the  slack  is  immediately  taken  up  by  the  spiral  spring  s,  so 
that  the  small  brass  strip  t  and  the  wire  w  are  moved  through  a 
distance  equal  to  the  expansion  of  two  lengths  of  the  heated  wire 
The  amount  of  expansion  (and  therefore  of  the  potential  difference 
applied)  is  measured  by  observing  the  distance  through  which  the 
length  of  wire  w  is  moved  ;  but  as  this  distance  is,  at  the  most, 
extremely  small,  some  mechanical  multiplying  arrangement  is 
necessary,  and,  since  the  force  producing  the  movement  is  also 
very  feeble,  great  care  must  be  exercised  in  avoiding  the  introduc- 
tion of  any  appreciable  friction.  These  results  are  attained  by  the 
use  of  a  jewelled  watch  movement.  The  wire  w  is  led  round  a 
small  pulley,  /,  fixed  upon  the  same  spindle  as  a  toothed  wheel,  r, 
which  gears  into  a  small  pinion,  the  spindle  of  which  carries  a  long 
needle  or  pointer,  passing  over  a  scale-plate  at  the  back  of,  and 
not  visible  in,  the  figure.  When  the  wire  is  extended  by  the 
current,  the  spring  s  causes  the  pulley/  to  turn  through  a  small 
angle,  and  with  it  also  the  wheel  r,  the  pinion,  and  the  pointer ; 
and,  as  the  diameter  of  the  wheel  is  much  greater  than  that  of  the 
pinion,  the  pointer  is  turned  through  a  large  angle  by  a  compara- 
tively small  extension  of  the  wire. 

The  passing  of  the  wire  w  round  the  pulley  so  as  to  get  a  reli- 
able grip,  and  at  the  same  time  avoid  friction  or  risk  of  damage  to 
the  fine  wire,  is  a  more  difficult  matter  than  might  at  first  sight 
appear.  The  pulley  is  shown  separately  in  fig.  103.  It  has  two 
narrow  parallel  grooves  round  its  circumference,  at  one  part  of 
which  (where  it  is  filed  away  flat)  two  set-screws  are  fixed,  both 
screwed  up  home.  The  wire  is  led  from  t  round  the  first  groove 
to  the  screw-heads,  between  which  it  passes  over  to  the  second 
groove,  in  which  it  completes  its  journey  round  the  pulley,  and  is 
then  led  to  the  spiral  spring. 

The  wire  is  so  fine  that  it  would  not  bear  being  pinched  under 
the  screw-heads,  but  the  arrangement  described  effectually  over- 
comes any  tendency  to  slip  ;  and  as  the  pulley  only  moves  through 
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a  small  angle,  never  making  a  complete  revolution,  no  sensible 
friction  is  introduced.  Insignificant  as  this  detail  may  appear,  it 
is,  as  already  indicated,  very  important,  and  the  same  remark 
applies  to  the  shape  of  the  spiral  spring  s  and  to  the  material  of 
which  it  is  composed.  The  gradual  alteration  of  this  spring  was 
found  to  be  the  main  cause  of  the  slight  variation  from  zero  which 
was  frequently  observed  in  the  earlier  instruments.  It  is  necessary 
that  the  tension  of  this  spring  should  remain  constant ;  and  the 
difficulty  has  been  surmounted  by  {a)  choosing  a  spring  little  liable 
to  vary,  spiral  in  form  and  of  German  silver,  and  {b)  providing  a 
thumbscrew  a  on  the  outside  of  the  case,  by  turning  which  the 
pointer  can,  in  the  event  of  any  variation,  be  readily  restored  to  zero. 
Although  there  are  four  straight  lengths  of  wire  equally  heated,  it 
will  be  remembered  that,  since  c  does  not  rotate,  the  expansion 
measured  is  equal  to  only  that  of  two  lengths,  for  the  movement 
would  be  the  same  as  if  one  of  the  wires  were  rigidly  fixed  to  it  and 
the  other  removed.  But  it  will  be  noticed  that  the  tension  due  to 
the  spiral  spring  is  equally  distributed  between  the  two  wires  lead- 
ing from  c,  and  this  affords  the  great  advantage  that  double  the 
tension  can  be  given  to  the  spring,  which  means  that  the  force 
with  which  the  pulley/  is  turned  can  be  doubled,  and  any  slight 
error  due  to  friction  correspondingly  reduced,  without,  at  the  same 
time,  necessitating  the  adoption  of  a  comparatively  thick  wire. 
The  wheel  work  is  well  made,  but  it  is  of  course  impossible  to  alto- 
gether avoid  *  back  lash ' — that  is  to  say,  as  the  teeth  of  the  driving- 
wheel  do  not  fit  tight  between  the  teeth  of  the  pinion,  the  latter 
does  not  begin  to  move  absolutely  at  the  same  moment  that  the 
driving-wheel  does  when  its  motion  is  reversed.  To  avoid  the 
slight  error  which  this  might  cause,  a  hair- spring  is  fixed  to  the 
pinion  spindle.  This  spring  is  visible  in  fig.  102,  the  pinion  being 
immediately  behind  and  therefore  hidden  by  it.  It  is  adjusted  so 
as  to  maintain  sufficient  pressure  between  the  teeth  of  the  wheel  and 
pinion  to  keep  them  always  in  contact,  so  that  in  either  direction 
the  two  move  simultaneously. 

The  whole  of  the  casing  is  of  brass,  wood,  from  its  liability  to 
warp,  being  wholly  unsuitable  ;  but  it  is  clear  that  the  rods  {g  h, 
fig,  102)  cannot  be  made  of  that  metal,  as,  its  coefficient  of  expan- 
sion being  higher  than  that  of  platinum-silver,  it  would  expand 
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more  than  the  wire  with  any  rise  of  temperature,  atmospheric  or 
otherwise,  and  cause  a  deflection  of  the  pointer.  On  account  of 
the  expense,  platinum-silver  cannot  be  employed  for  these  rods* 
Iron  has,  however,  a  lower  coefficient  of  expansion  than  the  wire, 
and  the  rods  are  therefore  made  partly  of  iron  and  partly  of  brass, 
the  length  of  these  parts  being  so  proportioned  that  the  greater 
expansion  or  contraction  of  the  brass  shall  be  neutralised  by  the 
lesser  expansion  or  contraction  of  the  iron,  and  the  whole  rod  vary 
in  length  in  exactly  the  same  proportion  as  the  wire  itself.  The 
wires  are  encased  throughout  their  length  by  a  brass  tube  which 
can  easily  be  removed,  and  the  arrangement  of  the  pulleys, 
together  with  an  opening  in  the  supporting  ring  to  which  they 
are  attached,  facilitates  the  re-wiring  of  the  instrument.  In 
order  to  prevent  damage  to  the  working  wire  by  the  accidental 
passage  of  a  too  powerful  current,  a  safety  fuse  is  inserted  in  series 
with  it,  consisting  of  a  short  length  of  platinum  silver  wire, 
0-0014  inch  (i|  mils)  in  diameter,  which  fuses  and  breaks  the  cir- 
cuit before  the  current  attains  sufficient  strength  to  fuse  the  thicker 
working  wire.  This  fuse-wire  is  placed  in  a  slit  along  the  face 
of  a  rectangular  strip  of  vulcanised  fibre,  each  end  being  ter- 
minated at  a  round-headed  brass  screw  in  the  end  of  the  block, 
which  is  firmly  held  between  two  flat  springs  making  contact  with 
the  screw- heads,  one  spring  being  connected  to  m  and  the  other 
to  the  left-hand  terminal.  Connection  between  n  and  the  other 
terminal  is  made  by  a  stout,  stiff"  wire. 

This  type  of  instrument,  in  which  the  wires  are  supported  by 
the  two  compound  rods,  and  in  which  the  tube  slipped  over  them 
simply  acts  as  a  casing  to  protect  the  wires  from  air  currents  and 
damage,  is  designed  for  use  with  the  tube  in  a  vertical  position, 
the  end  at  which  the  pulleys  are  fixed  being  placed  uppermost. 
Now,  as  soon  as  the  wire  gets  hot,  it  heats  the  adjacent  air,  which, 
being  displaced  by  colder  air,  rises,  and  consequently  currents  are 
set  circulating  in  the  tube.  The  result  is  that  when  the  pointer  is 
deflected  a  slight  oscillation  may  be  observed,  sufficient  to  prevent 
the  value  of  the  potential  difference  being  read  with  certainty  to 
within  half  a  volt.  This  oscillation  can  be  entirely  eliminated  by 
simply  placing  the  tube  in  a  horizontal  position,  for  the  whole 
length  of  the  wire  then  lies  in  a  more  evenly  heated  atmosphere, 
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in  which  such  air  currents  as  rise  from  it  are  feebler  and  more 
uniform  in  their  distribution  in  relation  to  the  wire.  When,  how- 
ever, the  instrument  is  used  horizontally,  a  further  slight  error  is 
introduced  in  consequence  of  the  increased  friction. 

A  more  accurate,  though  more  expensive,  instrument  is  made 
by  dispensing  with  the  rods  and  fixing  the  jewelled  pulley  bearings 
in  the  end  of  the  tube  itself,  which,  of  course,  is  then  compounded, 
being  made  of  brass  and  iron  in  the  necessary  proportions. 
Such  instruments  are  better  adapted  for  experimental  work,  on 
account  of  their  greater  accuracy,  and  are,  of  course,  always 
employed  in  the  horizontal  position.  The  rod  pattern  (which  can 
also  be  used  horizontally)  is,  however,  a  useful  piece  of  ap- 
paratus for  the  engine-room  or  workshop,  where  a  possible  error 
of  half  a  volt  in  the  reading  is  a  matter  of  little  moment,  and 
it  has  the  advantage  that  the  working  wire  can  be  more  easily 
replaced  than  in  the  tube  form.  The  voltmeter  illustrated  is 
capable  of  measuring  from  30  to  120  volts.  The  calibration  is 
carefully  performed,  the  wire  being  continually  heated  by  the 
passage  of  a  current,  and  stretched,  for  some  days  previously,  to 
bring  it  to  its  normal  condition.  As  it  is  the  heating  of  the'  wire 
which  affords  a  measure  of  the  electro-motive  force,  the  *  heating- 
error  *  peculiar  to  most  voltmeters  is  here  entirely  absent,  and  the 
instrument  may  be,  and  in  fact  is,  kept  continually  connected  up 
for  days  and  weeks  together.  For  the  same  reason,  the  reading 
is  unaffected  by  the  presence  of  external  currents  or  any  electro- 
magnetic field,  and,  as  iron  is  not  employed  and  the  wire  is  not 
coiled,  its  self-induction  is  practically  nil.  Hence,  alternating 
potential  differences  can  be  measured  ;  but  it  must  be  remembered 
that  this  same  absence  of  self-induction  in  the  instrument,  in 
allowing  a  current  to  rise  suddenly  to  its  full  value,  limits  the 
range  through  which  the  fuse  can  protect  the  working  wire ;  for, 
although  the  fuse  acts  with  certainty  if  the  current  rises  at  all 
gradually,  a  very  sudden  application  of  a  very  high  e.m.f.  would 
develop  a  heavy  current  instantaneously,  fuse  and  wire  being 
melted  simultaneously. 

Although  the  instruments  are  made  to  register  up  to  120  volts 
only,  the  values  of  the  readings  can  very  easily  be  increased  by 
inserting  in  the  circuit,  in  series  with  the  voltmeter,  resistance 
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coils  of  various  multiplying  powers.  Thus,  if  a  coil  equal  in  re- 
sistance to  the  wire  in  the  voltmeter  were  introduced,  it  would 
exactly  halve  the  potential  difference  of  the  current  at  the  terminals 
of  the  voltmeter  due  to  any  particular  e.m.f.  Manifestly,  such  a 
coil  would  have  a  multiplying  power  of  two,  while  a  coil  of  three 
times  the  resistance  would  reduce  the  proportion  of  potential 
difference  absorbed  by  the  voltmeter  to  one-fourth,  and  therefore 
have  a  multiplying  power  of  four.  These  resistance  coils,  how- 
ever, must  not  be  of  the  ordinary  type.     The  wire  should  be  of 

platinum-silver,  of  the 
same  gauge  as  in  the 
voltmeter,  and  in  order 
to  produce  exactly 
equal  facilities  for  ra- 
diation it  should  be 
bare,  and,  for  conve- 
nience, it  may  be 
stretched  in  tubes 
similar  to  those  em- 
ployed in  the  volt- 
meter itself.  In  another 
form  of  resistance  the 
wire  is  stretched  over 
a  rectangular  frame- 
work made  by  attach- 
y'  \      ing  two  rods  of  slate 

•}  — ^  to  a  couple  of  strips 

of  wood,  notches  being 
made  in  the  slate  to  receive  the  wire  and  prevent  one  portion 
slipping  into  contact  with  another.  The  wire  and  framework  are 
enclosed  by  pieces  of  thin  sheet  iron. 

The  ordinary  Cardew  voltmeter  is  not  available  for  the  esti- 
mation of  low  potential  differences,  owing  to  the  exceedingly  small 
elongation  due  to  the  slight  rise  in  temperature,  and  the  con- 
sequent vagueness  of  the  reading  which  would  result  therefrom. 

Recognising  the  necessity  for  the  production  of  an  instrument 
capable  of  measuring  low  E.M.F.'s~more  particularly  for  testing 
the  voltage  of  secondary  cells — Major  Cardew  has  designed  one, 
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the  working  parts  being  shown  in  fig.  104.  The  range  is  from 
o'5  to  2*5  volts,  the  scale  being  divided  into  tenths  of  a  volt. 

Two  pieces  of  platinum-silver  wire,  c  and  D,  are  kept  taut 
by  means  of  the  upright  bows,  a  b.  The  indicating  needle  p  is 
supported  and  held  in  position  by  two  horizontal  pieces  of  wire 
and  a  couple  of  spiral  springs.  The  lower  ends  of  the  wires  c  d 
are  connected  to  terminals  on  the  case  of  the  instrument,  so  that 
when  a  current  passes  through  the  instrument  it  travels  up  one 
wire  and  across,  by  way  of  the  thicker  part  of  the  needle,  to  the 
other  wire.  This  current  raises  the  temperature  of  the  wires  c 
and  D,  which,  by  their  consequent  extension,  allow  the  upper  ends 
of  the  bows  to  approach  each  other.  This  motion  is  transmitted 
by  means  of  the  stiff  horizontal  wires  to  the  needle,  which  there- 
fore travels  over  the  scale  from  right  to  left.  In  the  figure  the 
needle  is  shown  over  the  centre  of  the  scale  as  if  deflected  by  the 
application  of  an  e.m.f.  of  1*33  volt.  It  will  be  observed  that 
there  is  absolutely  no  friction — a  most  important  feature,  which, 
as  a  matter  of  fact,  renders  the  instrument  a  possibility. 

Professors  Ayrton  and  Perry  designed  another,  but  somewhat 
more  complicated,  modification  of  the  Cardew  voltmeter,  which  is 

Fig.  105. 
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capable  of  accurately  measuring  low  potential  differences,  and 
indicating  small  fractions  of  a  volt.  The  instrument  is  not  much 
used  in  practice,  but  the  principle  upon  which  it  is  constructed  is 
instructive,  and  will  be  easily  understood  by  a  reference  to  the 
diagram,  fig.  105.  w  w  is  a  short  piece  of  platinum- silver  wire, 
o'ooi4  inch  in  diameter.     The  ends  of  this  wire  are  held  rigidly 


Digitized 


by  Google 


200 


Electrical  Engituering 


CHAP.  VI. 


by  the  terminal  screws  a  and  b.  The  centre  of  the  wire  rests  in 
a  stirrup  supported  by  the  magnifying  spring  m,  which  is  similar 
to  that  illustrated  in  fig.  63.  The  upper  end  of  the  spring  carries 
a  pointer,  p,  and  is  kept  in  position  by  a  piece  of  fine  wire,  c  d, 
fixed,  at  its  upper  extremity,  to  the  support  s.  On  a  comparatively 
feeble  current— that  is  to  say,  a  current  caused  by  a  small  differ- 
ence of  potential — passing  through  the  wire  w,  it  is  elongated  and 
the  sag  is  increased.  The  tension  on  the  spring  is  thereby  re- 
duced, and,  the  lower  end  being  fixed,  the  upper  end  revolves  and 
carries  the  pointer  with  it.  The  pointer  moves  over  a  dial,  and 
indicates  directly  the  amount  of  coiling  to  which  the  spring  is  sub- 
jected by  the  sag  on  the  wire.  So  sensitive  is  this  arrangement 
that  when  the  initial  sag  on  the  wire  is  comparatively  small— that 
is  to  say,  when  the  wire  is  stretched  almost  in  a  straight  line 
between  the  terminals — sufficient  change  in  the  sag  results  fromi 
the  application  of  a  potential  difference  of  eight  or  ten  volts  at  the 
extremities  of  a  wire  eight  inches  long  to  produce,  when  magnified 
by  the  spring,  a  complete  rotation  of  the  pointer. 

If,  in  a  voltmeter  of  this  kind,  the  wire  is  further  shortened, 
the  instrument  will  indicate  a  still   lower  potential   difference, 

because  the  shortening  de- 
creases the  resistance,  and  so 
augments  the  current  resulting 
from  a  given  potential  diffe- 
rence, and  also  because,  the 
mass  of  the  wire  being  reduced, 
its  temperature  rises  higher 
with  a  given  quantity  of  heat. 
But  the  wire  cannot  be 
shortened  indefinitely,  as  it  is 
so  fine  that  the  temperature 
beyond  which  it  is  unsafe  to 
work  is  quickly  reached.  It 
is,  however,  possible  to  obtain 
the  first-mentioned  effect  without  the  second.  For  instance,  in 
the  case  of  what  may  be  called  the  bicycle-wheel  form  of  instru- 
ment (fig.  106),  the  whole  of  the  wires  corresponding  to  the  spokes 
of  the  wheel   can  be  joined  in  series,  or  grouped  variously  iu 


Fig.  106. 
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parallel.  In  the  latter  case,  the  resistance  being  much  decreased, 
the  stronger  current  develops  a  greater  amount  of  heat,  thus 
affording  a  means  by  which  an  instrument  may  be  used  for  much 
lower  potential  differences  than  it  can  be  with  the  spokes  in 
series.  The  mass  of  metal  affected  by  the  heat  is,  however,  the 
same  in  either  case. 

The  design  of  this  form  of  the  instrument  is  ingenious.  Round 
a  ring  of  metal  a  number  of  non-conducting  studs,  a  b  c,  &c.,  are 
fixed.  There  is  also  a  small  non-conducting  central  piece,  p,  to 
which  a  magnifying  spring  is  attached,  at  right  angles  to  the  plane 
of  the  ring.  One  end  of  the  wire  is  attached  to  the  stud  e,  and 
passes  to  and  fro  between  the  hub  or  centre-piece  p  and  the 
various  studs,  the  other  end  being  fixed  to  the  stud  f.  This 
device  has  the  advantage  that  every  portion  of  the  wire  is  affected 
by  the  current,  so  that  there  is  no  need  to  introduce  resistance 
coils  into  the  external  circuit  to  indicate  the  higher  voltages,  all 
that  is  necessary  being,  as  already  indicated,  to  join  the  *  spokes ' 
in  series. 

In  some  instruments  of  this  class  of  hot-wire  voltmeters,  con- 
structed to  measure  the  alternating  potential  difference  at  the 
terminals  of  a  coil  used  in  electrical  welding,  the  range  is  from  i 
to  2  volts.  The  scale  is  6  inches  in  diameter  and  divided  into 
hundredths  of  a  volt. 

We  come  now  to  a  consideration  of  the  means  adopted  to 
convert  the  instruments  which  we  described  in  Chapter  IV.  as 
available  for  the  measurement  of  current  strength,  and  which  are 
called  ammeters,  so  that  they  can  be  employed  as  voltmeters. 

An  ammeter  measures  directly  the  strength  of  the  current 
flowing  through  its  coils,  and  this  current  is  proportional  to  the 
difference  of  potential  at  the  terminals  of  the  instrument.  It 
might,  therefore,  at  first  sight  appear  that  any  ammeter  could  be 
used  to  measure  the  potential  difference  between  any  two  points 
by  simply  joining  it  up  to  them,  observing  the  strength  of  the 
current  flowing,  and  from  that  inferring  the  difference  of  potential 
which  maintains  it.  It  is  evident  that  to  measure  the  potential 
difference  between  two  points  it  is  essential  that  the  terminals  of 
the  instrument  should  be  joined  directly  to  those  points.  But 
the  very  act  of  connecting  two  points  in  a  circuit  by  a  low  resist- 
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ance  ammeter  would  alter  the  distribution  of  the  potential  differ- 
ence considerably.  Let  us  suppose,  for  example,  that  it  is  desired 
that  an  instrument  of  low  resistance  shall  be  used  to  measure  the 
electro-motive  force  of  a  primary  battery  of  appreciable  internal 
resistance.  Then  the  potential  difference  which  is  measured  by 
joining  the  instrument  to  the  terminals  of  the  battery  is  not  equal 
to  the  E.M.F.  of  the  battery,  but  only  to  the  fall  of  potential 
through  the  instrument.  Again,  if  the  battery  is  supplying 
current  to  any  particular  circuit,  and  it  is  desired  to  measure  the 
potential  difference  at  the  terminals  of  that  circuit,  the  measuring 
instrument  would  have  to  be  joined  across  the  terminals  of  the 
circuit,  and  would  therefore  form  a  shunt  to  it,  and  if  the  instru- 
ment had  a  low  resistance  it  would  manifestly  reduce  the  strength 
of  the  current  flowing  through  the  circuit ;  or,  in  other  words,  the 
very  act  of  joining  up  the  instrument  to  measure  the  potential  dif- 
ference would  lower  that  potential  difference  which  it  is  desired 
to  measure. 

Consequently,  although  the  ammeter  so  placed  would  correctly 
indicate  the  potential  difference  between  the  two  points  after  they 
were  so  joined,  it  would  give  no  information  as  to  their  condition 
before.  For  instance,  if  a  piece  of  German-silver  wire,  having  a 
resistance  of  5  ohms,  forms  part  of  a  circuit  through  which  a 
current  of  4  amperes  is  flowing,  we  know,  since  e  =  c  x  r,  that  the 
difference  of  potential  between  its  extremities  is  4  x  5  =  20  volts. 
If  we  proceed  to  measure  these  volts,  by  connecting  an  am- 
meter having  a  fraction  of  an  ohm  resistance  to  the  ends  of  the 
wire,  we  shall  get  much  less  than  20  volts,  for  the  resistance,  and 
tlierefore  the  fall  of  potential,  in  that  portion  of  the  circuit  will 
have  been  considerably  lowered.  Although  the  total  current  in 
the  main  circuit  will  be  increased  by  this  lowering  of  the  total 
resistance,  the  ammeter  resistance  is  so  low  that  it  shunts  the 
greater  part  of  the  current  from  the  German-silver  wire  \  and 
supposing  that,  in  consequence,  only  half  an  ampere  flows  through 
that  wire,  the  potential  difference  at  its  ends  will  be  c  x  R  =  "5  x  5 
=  2'5  volts  only,  instead  of  20,  and  of  course  there  would  be  this 
decreased  potential  difference  at  the  terminals  of,  and  indicated  by, 
the  ammeter. 

In  order  that  the  introduction  of  the  instrument  should  make 
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absolutely  no  alteration,  no  current  at  all  should  flow  through  it ; 
and  although  there  are  instruments  which  satisfy  this  condition, 
many  of  them  are  only  suitable  for  use  in  the  laboratory.  If, 
however,  we  take  any  ordinary  ammeter,  and  wind  it  with  a  large 
number  of  turns  of  fine  wire,  so  that  it  has  a  very  high  resistance, 
it  can  be  used  as  a  voltmeter ;  for  its  resistance  will  be  too  great, 
and  the  current  which  passes  through  it  will  be  too  small,  to 
make  any  sensible  alteration  in  the  potential  difference  which  it  is 
measuring  ;  while,  on  the  other  liand,  the  large  number  of  turns 
of  wire  will  allow  the  feeble  current  so  flowing  to  produce  a 
sufficiently  strong  magnetic  field  to  actuate  the  movable  part  of 
the  apparatus.  For  instance,  one  of  the  ammeters,  described  in 
Chapter  IV.,  when  wound  with  fine  wire  to  a  resistance  of  about 
2,000  ohms,  will  serve  to  measure  potential  difierences  of  from 
60  to  120  volts.  Of  course,  it  can  and  must  be  calibrated  for 
reading  in  volts,  in  the  same  way  that  the  ammeter  was  calibrated 
for  reading  in  amperes. 

One  important  source  of  error  must,  however,  be  guarded 
against ;  it  is  due  to  the  fact  that  a  current,  in  passing  through 
the  coils  of  a  voltmeter,  heats  the  wire  and  increases  its  resistance, 
and  consequently  a  given  difierence  of  potential  will  send  a  weaker 
current  through  the  coils  after  they  are  heated  than  before.  The 
instrument  will  therefore  indicate  a  low^er  difference  of  potential 
than  that  which  actually  exists,  in  consequence  of  the  fact  that  it 
measures  the  potential  difierence  by  the  strength  of  the  current 
set  up  by  that  difference.  For  this  reason  a  wire  which  is  thicker 
and  therefore  longer  than  would  otherwise  be  necessary  is  used, 
and  in  many  instances  efforts  are  made  to  facilitate  radiation  and 
ventilation,  and  thereby  to  keep  the  temperature  tolerably  uniform. 
In  fact  no  effort  should  be  spared  to  prevent  the  coils  of  a  volt- 
meter being  heated  to  any  appreciable  extent  by  the  current. 
The  heating-errors  may  even  be  caused  by  the  relatively  high 
temperatures  of  many  engine  rooms.  This  arises  from  the  fact 
that  electro-magnetic  voltmeters  are  wound  with  copper,  which,  it 
may  be  remembered  (see  p.  22),  increases  in  resistance  0*29  per 
cent,  per  degree  centigrade  increase  of  temperature ;  and  sup- 
posing the  instrument  to  have  been  calibrated  at  a  temperature  of 
say  15°  C,  it  is  easy  to  imagine  a  state  of  affairs  which  would 


Digitized 


by  Google 


204  Electrical  Engineering  chap.  vi. 

cause  an  increase  of  5  per  cent,  in  the  resistance  of  the  instru- 
ment, and  a  correspondingly  smaller  current  to  flow  through  it, 
when  a  certain  potential  difference  is  applied  at  its  terminals. 
Under  such  circumstances  the  instrument  will  indicate  lower 
voltages  than  it  should  do.  Some  engineers  get  over  the  heating- 
error  due  to  the  current  by  having  a  small  switch  in  circuit  with 
the  voltmeter,  and  only  placing  the  instrument  in  circuit  when  it 
is  desired  to  take  a  reading.  This  can,  of  course,  be  done  by 
closing  the  circuit  of  the  switch  and  taking  the  reading  before  the 
wire  has  had  time  to  get  hot.  In  the  case  of  an  ammeter  the 
resistance  of  the  coils  is  usually  very  low,  and,  the  size  of  the  wire 
being  comparatively  great,  the  temperature,  and  therefore  the 
resistance,  varies  but  slightly,  except  at  or  near  the  highest  indi- 
cation on  the  scale.  Many  ammeters  get  warm  if  the  strongest 
currents  for  which  they  are  constructed  are  maintained  through 
them  for  any  considerable  time.  An  ammeter,  however,  is  not 
used  as  a  shunt,  but  is  placed  directly  in  the  circuit,  and  it  is 
virtually  free  from  the  *  heating-error,'  because,  under  all  circum- 
stances, the  strength  of  the  current  flowing  through  it  and 
measured  by  it  is  the  same  as  that  in  the  rest  of  the  circuit. 

The  Schuckert  ammeter,  and  many  others  of  a  similar  cha- 
racter which  we  have  not  described,  can  be  converted  into  volt- 
meters   by  the   simple   substitu- 

FlG.  107.  .  ^  ^ 

tion  of  a  long-wire  coil  of  high 
resistance  for  the  short-wire  coil 
of  low  resistance,  and  this,  apart 
from  the  calibration,  being  the 
only  essential  difference  between 
these  types  of  instruments,  there 
is  no  need  to  further  enlarge  upon 
them.  An  exception  may  perhaps 
be  made  in  the  case  of  Evershed's 
Gravity  voltmeter,  a  general  view 
of  which  is  given  in  fig.  107.  Its 
moving  parts  are  exactly  similar 
to  those  of  the  Gravity  ammeter 
shown  in  fig.  67,  but,  of  course,  thin  wire,  offering  high  resist- 
ance, is  employed.     Only  a  portion  of  this  wire  forms  the  actual 
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magnetising  coil,  this  being  of  copper,  while  the  remainder, 
which  is  of  German  silver,  is  wound  round  a  large  metallic 
cylinder  inside  the  casing.  In  an  instrument  indicating  up  to 
no  volts  the  total  resistance  would  be  rather  over  2,000  ohms, 
that  of  the  actual  magnetising  coil  being  about  200  ohms,  so 
that,  with  the  maximum  potential  difference,  the  power  absorbed 
is  only  6  watts ;  and,  as  the  temperature  coefficient  of  German 
silver  is  low,  and  the  disposition  of  the  wire  gives  fairly  good 
facilities  for  radiation,  its  resistance  does  not  rise  appreciably. 
Consequently,  the  instrument  may  be  left  continually  on  the 
circuit  without  causing  any  serious  error  under  ordinary  working 
conditions. 

For  cases  where  it  is  imperative  that  the  indications  should  be 
entirely  free  from  heating-error,  Mr.  Evershed  has  suggested  a  very 
ingenious  method  of  compensating  which  may  be  applied  to  this 

Fig.  loft. 


or  any  similar  voltmeter.  It  is  based  upon  the  observed  fact  that 
the  temperature  coefficients  of  metals  are  different — that  is  to  say, 
a  given  rise  of  temperature  causes  a  greater  increase  per  cent,  in 
the  resistance  of  some  metals  than  of  others,  the  difference  in 
certain  cases,  such  as  copper  and  German  silver,  being  consider- 
able. The  magnetising  coil  proper  consists  of  German-silver  wire, 
and  a  higher  resistance  coil  of  copper  wire  is  wound  round  it  in  the 
reverse  direction,  as  indicated  in  fig.  108,  the  two  being  connected 
in  parallel,  so  that  the  copper  coil  not  only  forms  a  shunt  to,  but 
opposes  the  magnetic  effect  of  the  other  coil,  the  resultant  force 
acting  on  the  needle  being  due  to  the  excess  of  the  magnetic  effect 
of  the  German-silver  over  that  of  the  copper  coil.  The  wire  of  the 
latter  is  made  very  thin,  to  enable  the  necessary  resistance  to  be 
obtained  while  keeping  the  ampere-turns  sufficiently  low,  the 
number  of  ampere-turns  in  the  German-silver  coil  being  several 
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times  greater  than  in  the  copper.  When  the  current,  or  atmo- 
spheric changes,  cause  a  rise  in  temperature,  and  therefore  also  in 
resistance,  the  current  in  the  German-silver  coil  decreases  slightly, 
but  that  in  the  copper  coil  decreases  in  a  much  faster  ratio, 
because  the  temperature  coefficient  of  copper  is  so  much  greater  ; 
and  if  the  resistances  and  diameters  of  the  two  wires  are  made 
such  that  the  current  in  the  copper  coil  decreases  just  fast  enough 
to  keep  the  difference  between  the  magnetic  effects  of  the  two 
coils  constant,  the  instrument  will  compensate  itself  for  any  varia- 
tion in  temperature.  Unfortunately,  the  calculations  required  are 
somewhat  difficult,  and  the  copper  wire  must  be  extremely  thin, 
so  that  this  ingenious  method  has  not  made 
much  headway. 

In  describing  the  Evershed  ammeter  it 
was  mentioned  that  a  new  pattern  had  been 
introduced,  the  difference  consisting  chiefly 
in  that  part  of  the  instrument  placed  inside 
the  coil,  this  portion  now  being  identical  for 
ammeters  and  voltmeters  of  all  sizes,  whether 
for  c'=™*  —  **—  -^^ *- ^'~- 


I 


109  and  no  illustrate  this  important  part  of  the  new  instruments. 
A  horizontal  brass  spindle  is  pivoted  in  the  ends  of  two  set  screws, 
one  of  which  passes  through  the  small  brass  angle  piece  fixed  on 
the  face  of  the  disc,  the  other  passing  through  the  rear  end  of  the 
brass  tube,  whose  front  end  is  also  rigidly  fixed  to  the  brass  disc. 
This  brass  tube  is  partly  cut  away   through  almost   its   entire 
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length,  the  object  being  to  prevent  the  production  of  eddy  cur- 
rents in  the  tube  when  alternating  currents  pass  through  the  coil, 
and  the  small  curved  iron  *  needle '  which  is  carried  by  the  spindle 
can  be  seen  through  the  opening. 

A  peculiarly  shaped  piece  of  sheet  iron  embraces  the  brass 
tube,  to  which  it  fits,  friction-tight  ;  it  is  cut  away,  as  shown  on 
the  side  visible  in  fig.  109,  but  is  continuous  on  the  side  which  is 
hidden  from  view.  The  top  of  the  pointer  moves  from  left  to 
right  over  the  scale  when  deflected  from  zero,  and  it  is  shown  as 
though  deflected  through  about  half  its  entire  range.  It  will  be 
seen  that  the  inner  curved  piece,  or  'needle,*  is  being  rotated 
round  into  a  position  where  it  forms  a  more  nearly  complete 
cylinder  with  the  outer  iron  sheet,  and  a  stronger  current  would 
rotate  it  still  further  round,  the  maximum  deflection  possible 
being  obtained  when  the  magnetic  circuit  formed  by  the  two 
pieces  becomes  as  good  as  possible.  A  section  at  right  angles  to 
the  spindle  through  the  middle  of  the  outer  sleeve  is  given  in 
fig.  no.  This  outer  iron  sleeve  there  shows  as  if  it  were  a  com- 
plete c>'linder,  broken  only  at  the  joint,  but  it  will,  of  course,  be 
gathered  from  the  perspective  view  that  nearer  the  ends  of  the 
sleeve  its  section  would  be  only  a  part  of  a  circle.  The  section 
also  shows  the  manner  in  which  the  small  semi-cylinder  of  iron  is 
attached  to  the  spindle. 

The  pointer  is  made  of  aluminium,  and,  as  shown  in  fig.  109, 
it  has  a  small  weight  attached  to  it  to  urge  it  towards  zero,  as  in 
the  older  type  of  instrument.  It  moves  in  front  of  an  engraved 
brass  scale  plate,  which,  when  used  for  alternating  work,  is  split 
from  the  hole  through  which  the  spindle  passes,  down  to  the  cir- 
cumference at  the  bottom  of  the  plate,  in  order  to  prevent  eddy 
currents  being  set  up  in  the  plate. 

The  heating  error  is  reduced  by  the  usual  device  of  employing 
a  comparatively  small  length  of  fairly  thick  copper  wire  for  the 
working  coil,  and  inserting  in  series  with  it  a  resistance  coil,  the 
wire  of  which  is  made  from  an  alloy  having  a  low  temperature 
coefficient  The  proportions  are  arranged  so  that  the  working 
coil  gives  from  400  to  500  ampere  turns  when  the  maximum 
pressure  which  the  voltmeter  can  indicate  is  maintained  between 
its  terminals,  and  the  total  loss  in  the  instrument  is  then  about 
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6  watts.  This  subsidiary  resistance  coil  is  composed  of  silk- 
covered  platinoid  wire,  which  is  wound  on  a  vulcanized  fibre 
frame  and  placed  inside  the  brass  case  of  the  instrument. 

The  outer  iron  sleeve,  which  it  will  be  remembered  fits 
friction-tight  on  the  brass  tube,  is  the  principal  adjustable  part  of 
the  instrument ;  by  turning  it  round  so  as  to  vary  the  force  with 
which  the  needle  is  acted  upon  at  different  points,  the  instrument 
can  be  adapted  for  use  as  a  voltmeter  or  as  an  ammeter  at  will,  or 
the  scale  may  be  made  open  or  close  at  any  desired  part. 

In  the  recent  development  of  electric  lighting  the  tendency  is 
towards  the  use  of  very  great  diflferences  of  potential,  much  greater 
than  any  we  have  hitherto  considered.  These  potential  differences 
are  alternating,  thus  excluding  at  once  a  large  number  of  measur- 
ing instruments ;  and  it  will  readily  be  conceived  that  even  those 
which  we  have  described  as  capable  of  measuring  alternating 
potential  differences  could  not  well  be  modified  so  as  to  measure 
up  to  10,000  or  even  2,000  volts.  A  voltmeter  has  been  designed  by 
Ix)rd  Kelvin,  based  upon  the  well-known  elementary  fact  that  two 
adjacent  bodies  at  different  potentials  mutually  attract  each  other. 
We  have  seen  that  a  simple  way  of  establishing  this  difference  of 
potential  is  to  rub  two  dissimilar  substances,  such  as  a  piece  of 
flannel  and  a  piece  of  sealing-wax,  together;  they  will  then 
mutually  attract  each  other,  and  the  force  of  this  attraction  might 
serve  to  estimate  the  potential  difference  between  them.  Now, 
there  is  a  difference  of  potential  between  the  two  poles  of  a 
battery,  and  if  these  two  poles  are  connected  one  to  each  of  two 
insulated  metal  conductors  (say  brass  spheres),  the  spheres  will  be 
at  different  potentials  and  will  attract  each  other ;  this  force  of 
attraction  is,  however,  too  feeble  to  cause  any  perceptible  move- 
ment, unless  ver>'  delicate  refinements,  unsuitable  for  workshop 
use,  are  resorted  to.  But  for  this  latter  fact,  such  a  method  of 
measuring  potential  difference  would  be  perfect  in  one  respect,  for, 
as  the  two  conductors  are  insulated,  no  current  whatever  would 
flow  from  the  battery,  and  we  might  therefore  measure  the 
potential  difference  without  altering  it  during  the  act  of  measure- 
ment. The  use  of  this  *  electrostatic  *  method,  however,  becomes 
practicable  in  the  case  of  several  hundred  volts,  and  fig.  in  shows 
one  form  of  Lord  Kelvin's  voltmeter  which  is  based  upon  it. 
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One  conductor  is  fixed  and  the  other  movable  ;  the  fixed  one 
consists  of  two  butterfly-shaped  sheets  of  brass,  parallel  to  each 
other,  and  metallically  connected,  but  carefully  insulated  from  the 
rest  of  the  instrument.  The  movable  conductor  is  a  thin  alu- 
minium strip,  supported  at  its  centre  on  a  knife- edge,  and  moving 

Fu;.  111. 


freely  in  a  vertical  plane  exactly  midway  between  the  two  fixed 
brass  plates.  When  at  rest  the  movable  plate  or  strip  is  kept  in  a 
vertical  position  by  very  small  weights  placed  on  a  knife-edge  at 
its  lower  extremity.  If  a  difference  of  potential  is  established 
between  the  fixed  plates  and  the  movable  strip,  mutual  attraction 
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results,  and  the  latter  tends  to  set  itself  in  a  position,  as  far  as 
possible,  inside  the  fixed  plates,  this  tendency  being  counteracted 
by  the  weights  which  it  carries.  The  force  of  attraction  is  pro- 
portional to  the  square  of  the  potential  difference ;  the  movable 
conductor,  of  course,  comes  to  rest  when  the  forces  due  to  the 
electrostatic  attraction  and  to  gravity  balance  one  another,  and 
this  position  of  rest  is  indicated  by  a  light  pointer  moving  over 
a  graduated  scale.  This  scale  has  60  divisions,  which  represent 
equal  differences  of  potential,  and  a  large  range  is  obtained  by 
varying  the  balancing  weights,  three  weights  being  supplied  with 
every  instrument.  The  actual  value  in  volts  of  the  potential  dif- 
ference competent  to  move  the  pointer  through  one  division  will, 
of  course,  depend  upon  the  weight  suspended  at  the  lower  part  of 
the  movable  plate.  With  the  particular  instrument  illustrated  one 
division  corresponds  to  50  volts  when  the  lightest  weight  is 
employed ;  twice  the  potential  difference  is  required  to  produce 
the  same  effect  when  the  next  weight  is  added,  or  one  division 
then  represents  100  volts ;  while  when  all  the  three  weights  are 
employed,  one  division  corresponds  to  200  volts,  so  that  the 
maximum  potential  difference  indicated  by  this  particular  instru- 
ment is  200  X  60  =  12,000  volts. 

The  case  enclosing  the  conductors  is  of  metal  with  a  glass 
front,  and  the  movable  conductor  is  electrically  connected  by 
means  of  the  knife-edges  to  this  metallic  case,  which  is  provided 
with  a  suitable  terminal  screw.  The  knife-edges  afford  a  suffi- 
ciently good  connection  in  this  instance,  since  they  are  not  required 
to  carry  a  current.  The  fixed  brass  plates  are  connected  to  a 
second  terminal,  which  is  carefully  insulated  from  the  case.  The 
whole  instrument  is  effectively  insulated  from  earth  by  means  ot 
the  stand  upon  which  it  is  placed,  and  in  order  to  measure  the 
potential  difference  between  two  conductors  it  is  only  necessary 
to  connect  one  conductor  to  one  terminal  and  the  other  to  the 
other  terminal  and  observe  the  reading  of  the  pointer,  with  the 
appropriate  weights  on  the  bottom  of  the  *  needle.'  It  is  almost 
unnecessary  to  add  that  too  much  care  cannot  be  exercised  in 
the  measurement  of  high  potential  differences,  and  as  a  matter  of 
fact  no  one  should  attempt  any  such  measurements  except  after 
a  considerable  amount  of  experience  under  the  direction  of  a 
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qualified  instructor,  who  must  of  course  himself  be  an  expert  at 
the  work.  Where  the  apparatus  is  permanently  fixed  for  constant 
use  it  may  be  protected  by  an  insulating  cover  with  a  glass  front ; 
but  it  is  during  the  making  of  changes,  or  during  experimental 
work,  that  an  accident  is  likely  to  occur.  In  some  instances  one 
of  the  two  conductors  between  which  a  potential  difference  is  to 
be  measured  is  connected  to  earth,  and  this  conductor  should 
invariably  be  joined  to  the  *  needle '  and  metallic  case,  and  then 
should  the  case  be  touched  by  the  experimenter  he  would  experi- 
ence no  shock,  because  both  the  case  and  his  body  are  earth- 
connected,  and  are  therefore  at  the  same  potential.  No  part  of 
the  instrument,  however,  should  be  so  touched  while  any  *  live  * 
conductor  is  connected  to  it,  as  such  an  action  partakes  of  the 
nature  of  a  test  for  the  efficiency  of  the  earth  connection,  which 
might  be  defective,  and  it  also  begets  carelessness  when  using  the 
apparatus  under  other  conditions. 

For  accurately  measuring  lower  potential  differences  the  instru- 
ment cannot  be  made  in  such  a  simple  form,  as  with  one  movable 
metallic  strip  it  would  be  difficult  to  obtain  a  sufficiently  great 
force  of  attraction.  The  requisite  attractive  force  can,  however,  be 
obtained  by  employing  a  greater  number  of  *  needles '  or  vanes,  each 
moving  between  a  pair  of  fixed  conductors,  and  such  an  instrument 
is  called  a  *  multicellular '  electrostatic  voltmeter.  Fig.  112  illus- 
trates such  a  voltmeter  designed  to  measure  from  80  to  140  volts. 
The  aluminium  vanes  (15  in  number)  are  horizontal  and  ec^ui- 
distant,  being  fixed  on  a  vertical  spindle,  and  all  in  metallic  connec- 
tion. This  spindle  is  supported  by  a  platinum  iridium  wire,  which  is 
set  so  that  the  pointer  stands  at  zero  when  no  electrical  difference 
exists  between  the  vanes  and  the  rest  of  the  instrument.  The 
pointer  is  rigidly  attached  to  the  spindle,  and  is  bent  over  at  right 
angles  so  that  its  free  end  passes  in  front  of  a  curved  vertical 
scale  calibrated  to  read  directly  in  volts.  The  fixed  conductors 
between  which  the  aluminium  vanes  play  are  triangular  brass 
plates  fixed  into  vertical  brass  plates,  all  connected  together,  but 
insulated  from  the  outer  brass  case  of  the  instrument.  Only  one 
set  of  vanes  and  plates  is  distinctly  visible  in  the  figure,  but  there 
is  a  corresponding  set  on  the  opposite  side  of  the  spindle,  lying 
further  back  in  the  case  to  the  right-hand  side.     The  fixed  brass 
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plates  are  connected  to  an  insulated  terminal  on  the  side  of  the 
case,  and  the  spindle  carrying  the  aluminium  vanes  is  connected 
to  the  case  by  means  of  the  platinum-iridium  suspending  wire. 
When  a  difference  of  potential  is  set  up  between  the  fixed  and 
movable  conductors,  the  attractive  force  urges  the  latter  to  take 
up  a  position  inside  the  former,  thus  giving  a  rotary  motion  to 
Fig.  112.  the  vertical  spindle.  The  torsion 

thus  put  on  the  suspending  wire 
works  against  this  force,  and  the 
point  at  which  the  two  forces 
balance,  as  indicated  by  the 
pointer,  shows  the  potential  dif- 
ference. Suitable  guiding  holes 
through  which  the  spindle 
passes,  and  two  vertical  brass 
plates  (one  of  which  is  seen  to 
the  right  in  the  figure)  limit  the 
movements  of  the  spindle  and 
prevent  contact  between  the  two 
sets  of  conductors  under  all 
circumstances,  while  a  vane 
carried  on  an  extension  of  the 
spindle  moves  in  an  oil  dash- 
pot  below  the  case  and  steadies 
the  movements  of  the  moving 
parts. 

Since  an   electrostatic  volt- 
meter allows  no  current  to  pass 
between  the  two  points  whose 
potential  difference  it  indicates, 
there  is  no  possible  chance  of 
any  error  similar  to  that  due  to 
the  heating  of  the  coils  in  an  electro -magnetic  voltmeter.  Further, 
there  is  no  waste  of  energy  as  in  the  latter  case,  and  an  electro- 
static instrument  may  therefore  be  kept  permanently  connected 
between  the  two  mains  of  an  electric  light  circuit  without  adding 
to  the  coal  bill. 

Another  important  feature  common  to  instruments  of  this  type 
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is  that  they  may  be  used  to  measure  either  steady  or  alternating 
potential  differences  with  equal  facility.  In  an  electro-magnetic 
voltmeter  the  indications  of  the  needle  are  dependent  upon  the 
strength  of  the  current  flowing  through  the  coil,  which  should 
vary  exactly  with  the  pressure  between  the  ends  of  the  coil ;  and 
with  a  steady  uni-directional  pressure  this  proportional  variation 
does  take  place,  because  the  resistance  of  the  coil  (supposing  the 
heating  effect  to  be  negligible)  remains  constant.  But  with  an 
alternating  potential  difference  the  value  of  the  resulting  alternating 
current  depends  upon  the  *  self  induction  *  as  well  as  the  resistance 
of  the  coil,  and  the  effect  of  the  self-induction  changes  with  the 
rate  at  which  the  current  alternates.  Consequently,  although  an 
electro-magnetic  voltmeter  may  be  calibrated  to  indicate  correctly 
for  a  certain  rate  of  alternation,  it  will  not  necessarily  be  correct 
for  any  other  rate  of  alternation.  An  electrostatic  instrument 
being  quite  free  from  any  self-induction  effect  is  independent  of 
the  rate  of  alternation.  Moreover,  since  the  instrument  is  cali- 
brated to  read  in  volts,  while  the  force  of  attraction  between  the 
plates  varies  as  the  square  of  the  potential  difference,  it  indicates 
directly  the  value  of  the  square  root  of  the  mean  square  of  the 
potential  difference  between  the  plates,  which,  as  the  student  will 
presently  learn,  is  the  value  generally  required  to  be  known. 

There  are  many  other  forms  of  electrostatic  voltmeters,  all  of 
which  are,  however,  similar  in  principle  to  those  described,  and 
no  difficulty  should  be  experienced  in  understanding  their  con- 
struction and  action.  In  some  cases  a  small  mirror  is  attached  to 
the  movable  conductor,  and  the  mirror  reflects  a  luminous  beam 
on  to  a  scale  placed  in  front  of  it.  The  movements  of  the  spot 
of  light  indicate  the  deflections  of  the  needle,  and  therefore  also 
the  potential  difference  which  pauses  those  movements^ 
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CHAPTER  VII. 

ELECTRO-MAGNETS  —ELECTRO-MAGNETIC   INDUCTION 

It  has  been  observed  that  the  air  space  in  the  neighbourhood  of 
a  wire,  in  which  the  effect  of  a  current  travelling  in  the  wire  is 
perceptible,  is  called  an  electro-magnetic  field,  and  that  the  direc- 
tion in  which  the  force  in  this  field  acts  can  be  made  evident  by 
means  of  iron  filings,  which,  if  sprinkled  upon  a  sheet  of  paper 
with  the  wire  passing  through  it,  arrange  themselves  in  concentric 
circles  along  the  lines  of  force  round  the  wire.  And  further,  it 
will  be  remembered  that  some  substances  offer  greater  facilities 
than  others  for  the  propagation  of  these  lines  of  force,  and  that  it 
is  possible  to  alter  their  circular  form  by  bringing  near  them  some 
substance  through  which  they  pass  with  either  more  or  less  ease 
than  through  the  air.  The  relative  capability  possessed  by  any  sub- 
stance for  conducting  these  lines  of  force  is  known  as  its  *  perme- 
ability,' and  it  is  obviously  desirable  that  some  method  of  definitely 
comparing  this  property  in  various  bodies  should  be  adopted.  The 
permeability  of  air  *  can  be  taken  as  the  standard,  and  the  per- 
meability of  all  other  substances  measured  by  comparison  with  it. 
If  a  piece  of  hard  steel  is  placed  in  any  magnetic  field,  many 
of  the  adjacent  lines  of  force  are  bent  out  of  their  previous  shape, 
and  converge  into  the  steel.  More  lines  of  force,  therefore,  pass 
through  the  space  occupied  by  the  steel  than  passed  through  that 
same  space  when  occupied  by  air  alone.  Hence  we  conclude 
that  the  lines  of  force  pass  through  steel  more  readily  than  through 
air,  or  the  permeability  of  steel  is  greater  than  that  of  air.  If, 
again,  the  steel  is  replaced  by  a  piece  of  soft  iron  of  similar  shape 
and  size,  even  more  lines  of  force  will  now  pass  through  the  same 

*  The  permeability  of  a  vacuum  is  taken  as  unity ;  that  of  air  is  almost  exactly 
the  same,  antj  is  a  niore  convenient  standard, 
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space,  showing  that  the  permeability  of  soft  iron  is  still  greater 
than  that  of  steel.  In  fact,  the  permeability  of  any  substance 
might  be  measured  by  dividing  the  number  of  lines  of  force  which 
pass  through  it  by  the  number  which  pass  through  the  same  space 
when  the  substance  is  removed,  the  strength  of  the  magnetising 
field  being  the  same  in  both  cases.  There  is,  however,  no  method 
available  for  determining  the  actual  number  of  lines  of  force  per- 
vading any  particular  space  or  substance.  The  nearest  approach 
to  such  a  desideratum  would  be  to  measure  the  relative  strength 
of  any  electro  magnetic  field,  or  of  any  given  portion  of  it,  because, 
as  might  be  supposed,  the  strength  of  the  field  varies  directly  as 
the  number  of  lines  of  force  pervading  it.  It  is  possible  to  com- 
pare the  strength  of  fields  by  measuring  the  magnitude  of  various 
phenomena  which  can  be  made  to  take  place  in  them,  and  one 
such  method  is  described  at  the  end  of  this  chapter. 

We  can  by  such  means  measure  the  strength  of  a  field  due  to 
any  magnetising  force — that  is,  the  number  of  lines  of  force  passing 
through  any  given  air  space— and  then,  filHng  that  same  space 
with  a  piece  of  iron,  measure  the  relative  number  then  passing 
through  the  iron.  The  number  of  lines  of  force  passing  through 
an  area  of  one  square  centimetre  taken  at  right  angles  to  them  is 
called  the  *  magnetic  induction,'  the  term  being  employed  as  an 
abbreviation  for  *  intensity  of  magnetic  induction  ; '  the  magnetic 
induction  through  the  air  space  is  equal  to  the  strength  of  the 
magnetising  field  (since  the  permeability  of  air  is  i),  and  the 
magnetic  induction  through  the  iron,  divided  by  the  strength  of 
the  magnetising  field,  gives  the  permeability  of  the  iron. 

By  experimenting  in  this  way  it  has  been  proved  beyond  doubt 
that  not  only  do  different  substances  possess  various  degrees  of 
permeability,  but  also  that  this  property  may  vary  considerably  in 
the  same  substance  under  certain  conditions  ;  and  it  is  also  pos- 
sible to  arrange  the  various  substances  in  the  order  of  their  relative 
degrees  of  permeability.  The  most  permeable  material  known  is 
pure  soft  iron,  and  it  is  found  that,  generally  speaking,  as  the 
hardness  and  impurity  of  the  iron  increase,  so  its  permeability 
decreases  ;  that  of  hard  steel,  cobalt,  and  nickel,  and  especially  of 
a  certain  kind  of  manganese  steel,  being  comparatively  low.  The 
vast  majority  of  substances,  including  most  of  the  other  metals, 
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are  to  all  intents  and  purposes  equal  to  air  in  this  respect,  while 
the  permeability  of  a  few  metals,  including  bismuth  and  copper,  is 
very  slightly  less  than  that  of  air.  To  take  the  two  extreme  cases, 
the  permeability  of  iron  has  been  known  to  exceed  2,000 — that  is 
to  say,  2,000  times  as  many  lines  of  force  have  been  known  to  pass 
through  a  certain  piece  of  iron  as  passed  through  the  equivalent 
air  space  when  the  iron  was  absent,  while  that  of  bismuth  has  not 
been  found  to  be  much  below  0*9999. 

This  property  is  very  important  in  some  practical  operations, 
and  (especially  in  the  case  of  iron)  it  is  useful  to  know  the  condi- 
tions under  which  it  varies  in  the  same  material.  We  have  already 
touched  upon  a  practical  application  in  the  case  of  a  helix  or 
solenoid,  and  are  now  in  a  position  to  further  consider  the  matter. 
We  observed  that  the  electro-magnetic  effect  of  a  helix  carrying  a 
current  can  be  increased  in  two  ways — either  by  increasing  the 
strength  of  the  current  and  so  increasing  the  actual  number  of  lines 
of  force  produced,  whatever  that  number  may  be,  or  by  increasing 
the  effect  of  the  available  lines  of  force  by  making  as  many  of 
them  as  possible  pass  through  that  space  near  the  ends,  where  they 
will  be  able  to  act  to  the  greatest  advantage.  The  permeability  of 
bismuth  and  copper  being  less  than  that  of  air,  either  of  these 
substances,  when  placed  in  an  electro-magnetic  field,  will  decrease 
the  number  of  lines  of  force  passing  through  the  space  which  it 
occupies ;  but  even  in  the  case  of  the  most  efifective  substance 
known,  viz.  bismuth,  the  difference  is  so  very  slight  that  it  is 
difficult  to  perceive  or  measure  it.  If,  however,  any  substance 
were  to  be  discovered  with  a  permeability  very  much  less  than 
that  of  air,  one  way  of  leading  the  lines  of  force  through  the 
desired  space  would  be  to  place  this  substance  of  low  permeability 
in  that  part  of  the  field  from  which  it  is  wished  to  exclude  those 
lines — that  is  to  say,  to  make  all  paths  but  the  right  one,  or  the 
one  desired,  as  difficult  as  possible.  But  the  permeability  even  of 
bismuth  being  so  little  inferior  to  that  of  air,  the  only  available 
method  of  attaining  the  desired  end  is  to  make  the  path  which  it 
is  desired  the  lines  of  force  should  take,  as  easy  as  possible.  In 
the  case  of  the  solenoid  described  in  Chapter  IV.  we  wished  to 
increase  its  effect  by  leading  as  many  as  possible  of  the  lines  of 
force  through  the  ends  of  the  coil,  instead  of  allowing  them  to  leak 
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out  at  the  sides,  and  for  this  purpose  fitted  it  with  a  soft  iron  core, 
which  had  the  desired  effect.  Since  the  permeabiHty  of  different 
qualities  of  iron  varies  so  much,  too  great  care  cannot  be  exercised 
in  its  selection  ;  and,  experiment  having  shown  that  soft  annealed 
Swedish  iron  is  superior  to  all  other  kinds,  this  should,  when  the 
question  of  expense  does  not  forbid,  be  used  in  all  cases  where  it 
is  desired  to  concentrate  the  lines  of  force  at  any  particular  point. 
The  best  Swedish  iron  is,  however,  somewhat  difficult  to  obtain, 
and  the  same  remark  applies  to  the  very  best  Yorkshire  brands 
(Bowling,  Lowmoor,  &c.),  which  are  scarcely  inferior  to  Swedish 
iron.  Although  for  some  small  machines  and  instruments  it  is 
imperative  to  employ  the  best  iron  procurable,  yet  for  heavier 
machines  it  is  frequently  cheaper  to  employ  a  slightly  inferior  iron, 
and  use  a  greater  quantity  of  iron  and  of  wire  to  obtain  the  desired 
result. 

It  will  be  remembered  that  a  helix  of  wire  fitted  with  an  iron 
core  is  called  an  electro-magnet,  and  electro-magnets  differ  in  shape 
and  arrangement  according  to  the  work  ^^ 

they  are  intended  to  perform.  Thus, 
if  it  were  wished  with  one  pole  of  an 
electro-magnet  to  repel  a  similar  pole  of 
another  electro- magnet,  or  of  a  perma- 
nent steel  magnet,  with  as  much  force 
as  possible,  it  should  be  made  long  and 
straight,  so  that  its  opposite  pole  might 
be  as  far  away  as  practicable.  It  fre- 
quently happens,  however,  that  an 
electro-magnet  is  required  either  to 
support  a  heavy  weight  or  to  attract 
another  magnet  or  a  piece  of  iron  as 

powerfully  as  possible.  It  is  then  more  advantageous  to  allow 
both  poles  of  the  electro-magnet  to  act  together,  and  this  can 
be  accomplished  by  making  it  somewhat  similar  in  shape  to  a 
horse-shoe,  and  so  bringing  the  poles  close  together,  as  is  the  case 
in  fig.  113,  winding  the  wire  only  over  the  Megs'  of  the  iron  core. 

In  designing  an  electro- magnet,  therefore,  the  object  to  which 
it  is  intended  to  apply  the  apparatus  must  be  kept  clearly  in  view, 
and  it  is  necessary  that  the  general  principles  underlying  electro- 
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magnetic  construction  should  be  now  considered,  although,  under 
the  most  favourable  circumstances,  these  laws  and  principles 
are  somewhat  complicated  and  involved,  and,  to  a  great  extent, 
indeterminate. 

In  the  generation  of  an  electro- magnetic  field  by  means  of  a 
solenoid  there  are  two  prime  features  to  be  taken  into  considera- 
tion —viz.  the  strength  of  the  current  and  the  number  of  convolu- 
tions of  wire  constituting  the  coil.  It  can  readily  be  under- 
stood that  the  electro-magnetic  effect  produced  by  a  current 
varies  directly  as  the  strength  of  that  current,  so  that  to  double 
the  intensity  of  the  field  developed  by  any  particular  coil  it  will 
suflfice  to  double  the  current  strength.  There  is,  therefore,  no 
need  to  take  into  account  the  resistance  of  the  wire,  except  in  so 
far  as  it  may  modify  the  current  strength,  the  resistance  varying, 
of  course,  directly  as  the  length,  and  inversely  as  the  square  of 
the  diameter,  of  the  wire. 

As  the  current  strength  in  any  circuit  is  the  same  in  all  parts, 
or  at  all  points,  of  that  circuit,  the  electro -magnetic  field  developed 
by  any  unit  length— say  one  inch  of  the  wire— is  exactly  equal  to 
that  developed  by  any  other  portion  of  the  circuit  of  equal  length. 
It  follows,  therefore,  that  two  convolutions  or  turns  of  wire  close 
together  will  generate  a  field  twice  as  strong  as  that  which  can  be 
developed  by  either  of  the  turns  taken  separately  ;  and,  speaking 
generally,  it  can  be  said  that  the  field  developed  by  a  solenoid 
varies  in  strength  directly  as  the  number  of  convolutions,  and 
this  will  be  true  whatever  the  nature  of  the  material  forming  the 
conductor,  or  whatever  its  resistance. 

In  order  to  arrive  at  a  more  precise  understanding,  let  us 
again  consider  the  problem  set  us,  supposing  we  desire  to  make 
an  electro-magnet  similar  to  that  illustrated  in  fig.  113  as  effective 
as  possible.  The  object  is  to  attract  the  *  armature,'  a,  with  the 
maximum  force,  and  in  order  to  attain  this  result  we  want  to  urge 
as  many  lines  of  force  as  we  possibly  can  through  that  armature. 

Now,  when  we  wish  to  calculate  the  strength  of  a  current  of 
electricity  which  will  be  obtained  in  any  given  electrical  circuit 
under  certain  conditions,  we  take  into  account  the  electro -motive 
force  which  urges  the  current,  and  the  resistance  against  which 
that  electro-motive  force  has  to  act,  the  resulting  current  being 
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directly  proportional  to  the  former  and  inversely  proportional  to 
the  latter,  and  write 

Current  strength  =  Elgg^ro-rnotive-force 
Resistance 

Somewhat  similarly  we  may  consider  the  whole  path  round  which 
we  desire  to  urge  magnetic  lines  of  force  as  a  magnetic  circuit, 
and  take  account  of  the  total  magnetising  force  which  tends  to 
urge  the  lines  of  force  round  the  circuit  as  well  as  the  *  magnetic 
resistance '  against  which  that  force  must  act  in  order  to  produce 
the  result.     Then  we  may  say 

Total  number  of  lines  of  force  =  Magneto-motive  force 

Magnetic  resistance 

where  the  term  magneto -motive  force  represents  the  total  magnet- 
ising force  acting  round  the  whole  circuit  This  magneto- 
motive force  is  for  any  magnetic  circuit  proportional  to  the 
current  strength  and  to  the  number  of  convolutions  in  the  sole- 
noid—that is  to  say,  to  the  *  ampere-turns,'  as  was  mentioned 
above  in  the  general  view  of  the  case.  But  in  order  to  adapt  all 
results  to  the  c.c.s.  system  of  measurement  we  unfortunately 
require  to  introduce  other  factors.  In  the  first  place  the  c.G.s. 
unit  of  current  is  equal  to  10  amperes,  so  that,  the  c.G.s.  unit  of 
current  being  adopted  in  the  fundamental  calculations,  the  ampere- 
turns  must  be  divided  by  10  ;  and  then,  for  reasons  which  cannot 
be  simply  stated,  we  must  multiply  the  ampere-turns  by  4  tt.  If, 
then,  we  denote  the  strength  of  the  current  as  measured  in  amperes 
by  c,  and  the  total  number  of  convolutions  by  n,  the  magneto- 

motive  force  will  be  equal  to  ^ ,  or  1-2566  x  c  x  n. 


We  must  now  consider  the  question  of  the  magnetic  resist- 
ance offered  to  this  magneto-motive  force,  and  here  again  an 
analogy  with  the  electrical  circuit  may  help  us,  although  the  two 
cases  are  not  strictly  analogous.  The  resistance  of  a  simple 
electrical  circuit  varies  directly  as  the  length  of  the  circuit,  /, 
inversely  as  the  sectional  area  of  the  conductor,  a,  and  inversely 
also  as  the  specific  conductivity  of  the  conductor,  w,    specific 
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conductivity  being  the  inverse  of  specific  resistance.  This  may 
be  stated  as : 

Resistance  = . 

a  y.  m 

In  a  magnetic  circuit  permeability,  or  the  relative  capability 
of  conducting  lines  of  force,  is  analogous  to  electrical  specific 
conductivity  ;  and  the  magnetic  resistance  also  is  directly  propor- 
tional to  the  length  of  the  circuit,  /,  and  inversely  proportional 
to  the  sectional  area,  a. 

Consequently, 

Magnetic  resistances , 

/  being  preferably  measured  in  centimetres,  a  in  square  centi- 
metres, and  /I  standing  for  the  permeability  of  the  substance  of 
which  the  magnetic  circuit  is  composed. 

In  order,  therefore,  to  calculate  the  number  of  lines  of  force 
flowing  round  any  circuit,  which  number  we  may  conveniently 
denote  by  N,  we  may  say 

1^  _  magneto-motive  force 
magnetic  resistance  ' 

47r  X  c  X  N 
that  is  N  =  -       '"^ 


or 


_l_     ' 
a  K  Ik 

N  —  1*2566  XCXNXJX/i. 


where  c  represents  the  current  strength  in  amperes,  and  n  the 
total  number  of  convolutions  in  the  solenoid. 

The  matter  may,  perhaps,  be  rendered  clearer  by  assuming  a 
set  of  conditions  for  the  electro-magnet  depicted  in  fig.  113. 
Suppose  the  number  of  convolutions  on  each  limb  to  be  200  ; 
then  N  =  2  X  200  =  400 ;  and  that  the  current  strength  is  80 
milliamperes,  or  -08  ampere.  Let  the  mean  length  of  the  magnetic 
circuit  (that  is,  the  length  measured  round  the  circuit  through  the 
middle  of  the  core  and  armature)  be  /=  12  centimetres,  and  the 
area  of  the  core  and  armature  at  any  point  b^  r?  =  3  square  centi- 
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metres.  The  permeability  of  the  iron  will  vary  with  the  number 
of  lines  of  force  which  pass  through  it,  but  we  will  assume  it  to 
be  ft  =  SCO. 

Then  in  this  case 

^  ^  1-2566  X  -08  X  400  X  3  X  500  =5^026 . 

12 

that  is  to  say,  if  we  could  at  any  point  cut  the  magnetic  circuit 
without  disturbing  the  arrangement,  we  should  find  5,026  lines  of 
force  passing  across  between  the  two  faces  of  iron  so  separated. 

Unfortunately,  we  do  not  find  the  problem  quite  so  easy  in 
actual  practice.  We  have  here  ignored  the  fact  that  some  of  the 
lines  of  force  would  leak  out  from  the  iron,  and  not  pass  com- 
pletely round  the  desired  path.  Further,  although  the  armature 
and  pole  faces  may  be  accurately  faced  up  and  fit  truly,  the  two 
joints  in  the  magnetic  circuit  will  make  the  magnetic  resistance 
appreciably  higher  than  it  would  be  were  the  fibre  of  the  iron 
continuous  throughout. 

Were  the  armature  to  be  separated  from  and  fixed  at  a  little 
distance  (say  1  centimetre)  from  the  pole  faces,  a  vast  increase  in 
the  magnetic  resistance  would  take  place,  causing  a  correspond- 
ing reduction  in  the  number  of  lines  of  force  passing  through  the 
armature,  and   hence  a  diminished  force  of  attraction.     The 

resistance  of  each  air  gap  would  be =  — ^—  =  -,  the  value 

«  x/*  3x1  3 
of  /i.  being  i  for  air,  so  that  §  would  have  to  be  added  to  the 
resistance  of  the  magnetic  circuit.  In  addition  to  this,  the 
leakage  would  be  greatly  increased,  many  of  the  lines  of  force 
passing  across  the  air  space  between  the  two  magnet  limbs  instead 
of  through  the  armature,  and  this  also  would  have  to  be  allowed 
for,  as  will  be  presently  shown. 

It  is  frequently  convenient  to  speak  of  the  intensity  of  the 
magnetising  force  at  any  point,  instead  of  the  magneto-motive 
force  or  total  magnetising  force,  and  the  value  of  this  intensity  at 
a  point  is  denoted  by  the  symbol  H.  It  is  measured  by  the 
force  in  dynes  with  which  a  magnet-pole  of  unit  strength  would 
be  acted  on  at  the  point  in  question,  and  obviously  may  vary 
considerably  at  different  points  round  a  complex  magnetic  circuit. 
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If  we  consider  the  case  of  a  long  straight  evenly  wound  solenoid, 
the  value  of  H  will  be  practically  uniform  inside  it  along  its 
whole  length  except  just  at  the  ends,  and  it  will  evidently  vary 
with  the  density  of  the  convolutions  of  wire,  or  the  number  per 
unit  of  length  of  the  solenoid.     The  value  of  H  will  in  fact  be 

dynes,  where  c  is  the  current  strength  in  amperes,  and  n 

the  number  of  convolutions  per  unit  of  length  of  the  solenoid. 
Thus,  if  with  the  same  length  of  wire  the  solenoid  were  uniformly 
stretched  or  re-wound  so  as  to  become  double  its  original  length, 
the  value  of  H  at  any  point  would  be  halved,  because  the  number 
of  convolutions  per  unit  of  length  would  be  halved.  But  the 
total  number  of  convolutions,  n,  is  unaltered,  and  hence  the  value 
of  the  magneto- motive  force  is  the  same  as  before.  It  is  evident 
that  if  a  uniformly  wound  solenoid  contains  n  convolutions  per 
centimetre,  and  is  /  centimetres  in  length,  the  value  of  the 
magneto-motive  force  is  equal  to  H  x  / ;  or,  the  magnetic  force  at 
a  point,  H,  may  be  found  by  dividfng  the  magneto-motive  force 
(that  is,  the  total  magnetising  force)  by  /,  the  length  of  the  sole- 
noid. The  case  is  rendered  clearer  and  more  exact  if  we  take  a 
solenoid  wound  uniformly  over  a  non-magnetic  tubular  ring.  If 
the  solenoid  had  n  convolutions  per  centimetre,  and  the  mean 
circumference  of  the  ring  were  /  centimetres,  then  a  unit  magnet- 
pole  would  experience  a  force  of  H  =  ^  '^     -  dynes  at  any  point  in 

the  interior  of  the  solenoid,  and  it  would  require  the  expenditure 
of  H  ergs  of  energy  to  move  it  through  a  distance  of  one  centi- 
metre against  the  magnetising  force,  and  therefore  H  x  /  ergs  to 
move  it  all  the  way  round  the  solenoid,  H  x  /  being  thus  a 
measure  of  the  magneto-motive  force.  Let  the  diameter  of  the 
ring  be  now  increased  sufficiently  to  double  its  mean  circum- 
ference, then  the  convolutions  will  be  half  as  dense  as  before, 

being  only  -  per  centimetre,  and  consequently  the  value  of  H 

2 

will  be  halved.  But  the  distance  through  which  the  magnet-pole 
must  be  moved  to  make  the  complete  journey  has  been  doubled, 

and  therefore   the   total  expenditure   of  energy  is   still  —  x  2  / 

2 
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=  H  X  /  ergs,  proving  the  magneto-motive  force  to  be  the  same 
as  before. 

It  is  also  sometimes  necessary  to  specify  the  density  of  the 
lines  of  force  at  any  given  point,  or  the  number  passing  through  a 
square  centimetre  whose  plane  is  at  right  angles  to  the  direction 
of  the  lines,  and  this  density  is  denoted  by  the  symbol  B.  If  the 
magnetic  circuit  be  not  perfectly  uniform  throughout,  the  value  of 
B  may  differ  considerably  at  different  parts  thereof.  Thus,  sup- 
posing the  armature  to  be  entirely  removed  from  the  electro- 
magnet shown  in  fig.  113,  most  of  the  lines  offeree  would  pass  as 
far  as  possible  through  the  iron  core,  and  would  be  approximately 
equally  dense  at  all  parts  thereof  except  near  the  poles.  Here 
they  would  begin  to  leak  out  at  the  sides  of  the  iron  core  instead 
of  all  passing  out  through  the  ends  or  pole-faces,  and  in  crossing 
from  one  pole  to  the  other  through  the  air  space  they  would  spread 
out  in  all  directions.  The  value  of  B,  then,  would  be  rather  less 
in  the  iron  near  the  pole-faces  than  at  the  bend  and  inside  the 
solenoids,  while  it  would  be  comparatively  small  in  the  air  space. 

If  we  took  an  iron  ring  and  wound  it  uniformly  with  wire, 
through  which  a  current  was  made  to  flow,  practically  all  of  the 
lines  of  force  would  make  the  complete  circuit  through  the  con- 
tinuous iron  ring,  and  the  value  of  B  would  be  the  same  at  all 
parts  thereof.  Suppose  the  area  of  cross-section  of  the  iron  to 
be  three  square  centimetres,  and  the  total  number  of  lines  of 
force  N  to  be  27,000,  then  the  value  of  B  at  any  point  would  be 

N 

—  =r  9,000.     If  the  iron  core  were  removed,  we  may  suppose  the 

3 

value  of  B  to  fall  to  15,  that  is,  15  lines  of  force  per  square  centi- 
metre, and  we  thus  obtain  a  measure  of  the  increase  in  the 
number  of  lines  of  force  due  to  the  presence  of  the  iron  core, 
which,  as  we  know,  measures  the  'permeability*  of  the  iron.  If 
the  interior  of  the  solenoid  is  occupied  by  air  or  any  other  non- 
magnetic substance,  a  magnetising  force  of  value  H  can  produce 
H  lines  of  force  per  square  centimetre,  and  H  is  in  air  equal  to  B. 
By  the  addition  of  an  iron  core  B  increases  but  H  remains  un- 
altered, and  the  permeability  of  the  iron 
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In  the  instance  just  mentioned,  then,  the  permeability  of  the 
iron  would  be  9°^  --  ^qq  under  the  existing  conditions. 

The  best  way  of  ascertaining  the  manner  in  which  the  values 
of  B  and  /a  vary  in  any  given  sample  of  iron  or  steel  for  different 
values  of  the  magnetising  force  H,  is  to  experimentally  determine 
the  value  of  B  for  a  number  of  values  of  H  from  zero  upwards,  and 
the  results  are  conveniently  shown  by  plotting  curves.  This  sub- 
ject will  be  referred  to  at  the  close  of  this  chapter. 

It  will  be  observed  that  by  simply  increasing  the  diameter  of 
an  iron  core,  and  also  the  diameter  of  the  convolutions  of  the 
helix  surrounding  it,  we  do  not  alter  the  value  of  H  or  B  provided 
the  current  strength  remains  constant,  because,  although  we  thereby 
increase  N,  the  total  number  of  lines  of  force,  the  corresponding 
increase  in  the  area  of  the  core  leaves  the  density  the  same  as 
before. 

It  must  be  remembered,  however,  that,  supposing  the  electro- 
motive force  available  to  be  a  fixed  quantity,  any  increase  or 
decrease  in  the  diameter  of  the  coil  must  proportionally  increase 
or  decrease  the  length  of  the  wire  and  its  resistance,  and  cause 
thereby  a  decrease  or  increase  in  the  current  strength,  unless  this 
variation  in  the  length  of  wire  is  accompanied  by  a  corresponding 
variation  in  its  cross-section,  so  as  to  keep  the  resistance  con- 
stant. 

Again,  supposing  the  dimensions  of  the  core  be  kept  constant, 
and  that  it  is  desired  to  more  strongly  magnetise  it  by  adding  to 
the  number  of  convolutions,  care  must  be  taken  that  in  this 
instance  also  the  current  strength  is  kept  constant  by  a  corre- 
sponding increase  in  the  potential  difference  at  the  ends  of  the 
coil.  Were  the  potential  difference  to  remain  unaltered,  the  addi- 
tional layers  would  not  bring  about  any  increased  magnetisation 
of  the  core.  For  example,  if  the  number  of  convolutions  were 
doubled,  the  resistance  of  the  coil  would  also  be  doubled,  and  the 
current  therein  halved,  so  that  the  ampere-turns  would  remain 
unaltered.  If  a  coil  consists  of  a  number  of  layers,  it  must  be 
remembered  that  the  length  of  the  wire  in  the  outer  layers  will  be 
appreciably  greater  than  in  the  inner.  To  take  an  extreme  case, 
we  will  suppose  the  coil  to  consist  of  ninety- nine  layers,  in  which 
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case  the  length  of  wire  composing  the  ninety- ninth  layer  would  be 
considerably  greater  than  that  forming  the  first.     Now,  the  cir- 
^cumference  of  a  circle  varies  directly  as  its  diameter,  and  is  equal 
to  2  TT  r,  where  v  is  the  ratio  between  the  circumference  of  a  circle 
and  its  diameter  (or  3-1416),  and  r  is  the  radius  of  the  circle.     If, 
therefore,  the  diameter  of  the  outside  layer  is  actually  twice  that 
of  the  inside,  the  length  of  the  wire  in  each  of  the  larger  turns, 
and  consequently  in  the  whole  layer,  will  be  exactly  doubled,  and 
its  resistance  doubled  also ;  and  the   intermediate   layers  will 
vary  proportionately.     But  the  actual  resistance  of  the  whole  coil 
can  be  easily  calculated,  for  if  the  radius  of  the  inside  layer,  the 
resistance  of  which  is,  say,  5  ohms,  is  half  an  inch  and  that  of  the 
outside  layer  one  inch,  the  mean  or  average  radius  will  be  three- 
quarters  of  an  inch— that  is  to  say,  the  length  of  wire  in  the  fiftieth 
layer  will  be  half  as  long  again  as  that  in  the  first.     Its  resistance 
will  therefore  be  7*5  ohms.     Similarly,  the  resistance  of  the  first 
and  last  layers  together  will  be  15  ohms,  or  an  average  of  7-5  ohms 
per  layer,  and  this  will  be  true  of  every  similarly  situated  pair  of 
layers,  so  that  the  total  resistance  of  a  number  of  layers  is  equal  to 
the  resistance  of  the  middle  or  average  layer  multiplied  by  the 
number  of  layers.     In  the  coil  under  consideration  the  resistance 
will  be 

R  =  7-5  X  99  =  742-5-. 

When  the  field  due  to  a  certain  coil,  consisting  of  many  layers, 
is  insufficient  for  a  given  purpose,  it  may  become  advantageous 
to  re- wind  the  bobbin  with  p,q 


wire  of  a  smaller  gauge,  so     r-i  >k 


I  W  O' 


> ' -^ 


CL8 


as  to  get  a  greater  number 
of  turns  into  the  same  com- 
pass. A  reference  to  the  dia- 
gram, fig.  114,  will  simplify 
some  of  the  difficulties 
involved  in  a  consideration  of  this  matter.  Let  us  suppose  the 
figure  to  represent  a  wooden  or  ebonite  bobbin,  and  that  the  length, 
/,  of  the  space  occupied  by  the  coil,  or  the  distance  between  the 
•cheeks'  of  the  bobbin,  is  3  inches,  while  the  radius,  a^,  of  the 
bottom  layer  to  be  wound  is  a  quarter  of  an  inch,  and  the  extreme 
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radius,  a^^  of  the  coil  three-quarters  of  an  inch.    The  mean  radius, 
a,  will  be  half  an  inch,  or 

2  ^ 

The  total  thickness,  /,  of  the  coil  or  of  the  layers  will  also  be 
half  an  inch,  or  . 

As  we  have  already  seen,  the  length  of  one  turn  of  wire  of 
radius  a^  will  be  2^/7,,  and,  if  there  are  n  turns  in  that  layer,  the 
length  of  wire  comprised  in  it  will  be  2  ir  a,  x  //.  Supposing  there 
to  be  m  layers  in  the  coil,  having  the  mean  radius  «?,  the  total 
length  I.  will  be 

\.-=  2ira  X  n  X  m ( i ). 

Now,  as,  in  winding  a  number  of  layers  of  wire  in  a  coil,  each  turn 
must  somewhere  or  other  cross  the  subjacent  turn,  it  follows  that 
the  turns  of  any  one  layer  cannot  be  placed  evenly  in  the  grooves 
or  recesses  between  the  turns  of  the  layer  immediately  underneath 
it ;  or,  in  other  words,  if  we  assume  the  wire,  with  its  insulating 
covering,  to  have  a  diameter,  ^,  the  section  of  the  space  occupied 
or  appropriated  by  that  wire  will  really  be  a  square  whose  side 
is  equal  to  d.  Consequently,  in  one  layer  the  number  of  turns  n 
will  be  ^ 

and  the  number  of  layers,  /;;,  will  be 

/ 

Substituting  these  values  for  m  and  «  in  (i)  we  get 

/        /         2rra  X  I  X  t  ,   . 

t=2.«X-X^= ~, .      .      .      {2). 

For  example,  let  the  diameter  of  the  wire,  with  its  insulating 
coating,  be  50  mils  (the  mil  is  the  thousandth  part  of  an  inch), 
then  the  length  of  this  wire  that  would  be  required  to  fill  the 
bobbin  illustrated  in  fig.  114  would  be 

L  ^  2(3-1416)  X  o'5  X  3  X  0-5  ^  ^gg    .^^^^^  ^    ^^ 
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We  are  thus  able  to  calculate  not  only  the  length  of  wire 
required  to  fill  any  bobbin,  but  also  its  resistance,  the  resistance 
per  unit  of  length  being  ascertainable  from  tables.  Moreover,  the 
total  number  of  turns  of  wire  can  be  easily  calculated,  for,  m  being 
the  number  of  layers,  and  n  the  number  of  turns  in  each  layer, 
the  product  ///  n  will  give  the  total  required,  but 

/«  =  — ,  and  «  =  , ; 
a  a 

ti 

OX  mn^=  -,-  ^_  ^;?  =  600  turns. 
(0-05)' 

Let  it  now  be  supposed  that  a  given  bobbin — say  of  the 
dimensions  shown  in  fig.  114 — is  to  be  filled  with  copper  wire 
which'  shall  offer  a  definite  resistance,  say  5  ohms.  There  are 
thus  only  three  quantities  known,  viz.  the  dimensions  of  the  bobbin, 
the  resistance  which  the  coil  is  to  offer,  and  the  specific  resistance 
of  the  copper ;  while  the  length  of  the  wire  and  its  diameter  are 
unknown  and  require  to  be  ascertained.  The  space  in  which  the 
wire  is  to  be  wound  can  be  calculated  from  the  given  dimensions, 
for,  v  being  this  space  or  volume, 

V  =  t/K^-^,2) (,) 

or  v  =  3-1416  X  3(752  -  -252) 
=  47 1 2  cubic  inches. 

But  supposing,  as  will  be  actually  the  case,  that  the  wire,  whose 
diameter  is  d^  occupies  the  same  space  that  it  would  take  were  it 
to  be  square  instead  of  round,  then,  manifestly, 

v  =  L  X  ^^ (2). 

As,  also,  the  total  resistance  of  the  wire  varies  directly  as  its 
length,  directly  as  its  specific  resistance  s  (which,  in  this  case,  as 
the  other  dimensions  are  in  inches,  we  take  as  the  resistance 
between  opposite  faces  of  an  inch  cube),  and  inversely  as  the  area 
or  cross-section  of  the  wire. 


area ' 
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But  the  area  of  the  insulated  wire  is  equal  to  r  r^  or  r  f     J  ,  that 

IS,  TT-   . 

4 

Therefore  R  =  '-    c» 

.;* 

"4 
that  IS,  R  ?r     -  =  L  f, 

4 

or,  R  r  ^/^  =  4  L  ^, 

and  ''*  =  V'J ^3). 

But  from  (2)  it  will  also  be  seen  that 


Consequently  ^  —  =         (s). 


Therefore  l^  =  '^  ^  ^ 


4L  J__  V 
R  TT  L 

and  4  L^  J  =  TT  R  V. 

•RV 

4J  ' 
and,  finally,  l=^/'^^^ (6). 

By  inserting  the  numerical  values  on  the  right-hand  side  of 
this  equation,  the  length  l,  having  the  required  resistance,  can 
therefore  be  found,  after  which  we  can,  by  equation  (4),  determine 
also  the  gauge  of  the  wire.  It  must,  however,  be  noted  that,  for 
simplicity,  d  is  taken  as  the  diameter  of  the  bare  wire  in  equation 
(2),  thus  rendering  the  result  only  approximate ;  but  when  the 
thickness  of  the  wire  is  great  as  compared  with  that  of  the  insula- 
tion, the  formulae  approach  very  closely  to  the  truth. 

It  is  frequently  useful  to  know  the  exact  length  of  any  par- 
ticular wire  which  can  be  wound  on  any  particular  bobbin,  and, 
knowing  v  and  4  this  can  be  easily  ascertained,  for,  if  dy^  represents 
the  outer  diameter  of  the  wire  and  its  covering,  v  th^  volume  of 
the  wire -space,  and  l  the  required  length,  then 
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Returning  now  to  the  consideration  of  the  core  of  an  electro- 
magnet, it  is  evident  that,  generally  speaking,  it  is  advantageous 
to  make  the  magnetic  resistance  of  the  magnetic  circuit  as  low  as 
practicable,  in  order  to  obtain  the  requisite  number  of  lines  of 
force  with  the  minimum  magneto-motive-force  ;  and,  consequently, 
the  three  factors,  length,  sectional  area,  and  permeability,  should 
receive  due  consideration  in  determining  the  dimensions  of  the 
core  and  the  material  of  which  it  is  to  be  composed. 

If,  as  is  sometimes  the  case,  lightness  and  compactness  are 
important,  then  it  is  essential  to  employ  for  the  core  annealed 
wrought  iron  of  high  permeability,  as  then  the  desired  effect  can 
be  obtained  with  the  minimum  sectional  area.  But  should  the 
question  of  weight  be  of  secondary  importance,  iron  of  lower 
permeability — even  cast  iron — may  be  employed.  For  example, 
in  the  case  of  the  massive  cores  for  the  field  magnets  of  dynamo 
machines,  the  requisite  quantity  of  the  highest  quality  wrought 
iron  is  not  only  expensive  as  regards  first  cost,  but  it  requires  a 
further  and  considerable  expenditure  upon  it  in  forging  and 
machining  it  up  to  the  proper  shape  and  dimensions  for  fitting  the 
parts  together  and  to  form  the  cavity  for  the  reception  of  the 
rotating  armature.  Cast  iron  is  not  only  cheaper,  but  the  material 
may  be  cast  to  such  a  shape  that  it  requires  but  little  further  work 
on  it ;  and  by  sufficiently  increasing  the  sectional  area  of  the  core 
over  and  above  that  which  would  be  required  if  it  were  made  of 
wrought  iron,  the  lower  permeability  is  compensated  for.  It  should 
be  remarked,  however,  that  such  an  increase  in  the  sectional  area 
of  the  core  necessitates  the  employment  of  a  correspondingly 
greater  quantity  of  copper  wire  for  the  magnetising  coil,  for  each 
convolution  is,  of  course,  increased  in  length,  and  in  many  cases 
must  also  be  increased  in  thickness  to  prevent  the  greater  length 
increasing  the  resistance  of  the  coil.  Mild  steel  promises  to 
combine  the  good  features  of  wrought  iron  and  cast  iron  for  heavy 
electro-magnet  cores,  for  it  can  be  cast  into  moulds  as  readily  as 
cast  iron,  while  some  qualities  have  a  permeability  not  far  short  of 
that  possessed  by  the  best  wrought  iron.  Such  mild  steel  contains 
a  very  small  percentage  of  carbon,  and  cannot  be  hardened  and 
tempered  like  tool-steel,  which  contains  a  much  greater  proportion 
of  carbon,  and  has  a  correspondingly  lower  permeability.     Mild 
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steel,  in  fact,  is,  in  its  chemical  composition,  practically  similar  to 
wrought  iron,  although  it  is  crystalline  in  its  structure,  on  account 
of  the  fact  that  its  particles  settle  down  under  no  external  restrain- 
ing force  when  the  metal  solidifies  from  the  molten  state  in  which 
it  is  manufactured.  This  crystallinity  can  be  somewhat  reduced 
by  hammering  and  rolling,  and  it  is  absent  in  good  wrought  iron 
which  has  been  hammered  and  rolled  while  cooling  from  a  high 
temperature  until  it  is  fibrous  throughout.  Even  wrought  iron,  if 
raised  to  a  very  high  temperature  and  then  allowed  to  cool  in  the 
absence  of  these  mechanical  restraining  forces,  becomes  crystalline, 
and  loses  to  a  great  extent  its  valuable  mechanical  and  magnetic 
qualities. 

It  is  evident  that  before  the  dimensions  of  the  core  of  an 
electro-magnet,  such  as  that  employed  for  a  dynamo  field-magnet, 
can  be  decided  upon,  it  is  necessary  to  know  the  permeability  of 
the  metal  which  is  to  be  employed  for  the  purpose.  Further, 
since  the  permeability  of  iron  or  steel  varies  considerably  with  the 
density  of  the  lines  of  force  passing  through  it,  that  is  to  say,  with 
the  value  of  B,  it  is  also  necessary  to  decide  upon  the  maximum 
density  at  which  the  core  is  to  be  worked.  If  a  piece  of  iron 
destitute  of  magnetisation  be  experimented  upon,  by  observing 
the  number  of  lines  of  force  obtained  through  it  with  a  number  of 
gradually  increasing  values  of  magnetising  force,  it  will  be  found 
that  the  effect  of  projecting  Tifew  lines  of  force  through  the  iron 
is  to  slightly  raise  the  value  of  its  permeability,  but  after  a  certain 
number  of  lines  have  been  urged  through  the  iron  the  permeability 
rapidly  diminishes  in  value,  and  beyond  a  certain  point  a  con- 
siderable increase  in  the  magnetising  force  makes  but  little  differ- 
ence in  the  value  of  B.  When  it  thus  becomes  very  difficult  to 
urge  additional  lines  of  force  through  a  piece  of  iron,  it  is  said  to 
be  magnetically  *  saturated,'  but  no  definite  point  has  yet  been 
reached  at  which  it  can  be  said  to  be  absolutely  impossible  to 
increase  the  number.  Professor  Ewing  has  succeeded  in  forcing 
45,350  lines  of  force  per  square  centimetre  through  a  sample  of 
the  best  Yorkshire  (Lowmoor)  iron  ;  but  in  order  to  obtain  this 
result  a  magnetising  force  of  no  less  value  than  H  =  24,500  had 
to  be  employed,  and  the  permeability,  /i,  was  thereby  reduced  to 
1*85,  or  the  iron  in  this  condition  was  less  than  twice  as  permeable 
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as  air.  This  result  was  obtained  by  turning  a  cylinder  of  iron 
down  in  the  middle  of  its  length  and  tapering  out  to  the  ends, 
so  that  it  consisted  of  two  cones  joined  together  by  a  narrow 
cylindrical  neck,  the  high  induction  mentioned  being  obtained  in 
the  narrow  neck  when  the  base  of  each  cone  lay  against  one  pole- 
face  of  a  powerful  electro-magnet.  In  practice  we  should  not,  of 
course,  work  with  anything  approaching  to  these  figures,  but  should 
be  content  with  a  value  of  B  where  the  metal  was  approaching  the 
saturation  point,  which  may  be  taken  as  approximately  16,000  to 
1 7,000  for  the  best  wrought  iron. 

A  simple  method  for  determining  approximately  the  manner 
in  which  the  value  of  the  magnetic  induction  in,  say,  a  soft  iron 
rod  varies  for  different  values  of  the  magnetising  force  may  now 
be  considered. 

Suppose  the  rod  to  be  long  compared  with  its  diameter,  we 
may  fix  it  in  a  vertical  position,  with  its  upper  end  on  a  level  with, 
and  at  a  convenient  distance  from,  a  suspended  magnetic  needle, 
and  note,  by  the  deflections  of  the  needle  from  its  zero  position, 
the  manner  in  which  the  magnetisation  of  the  rod  increases  or 
diminishes.  The  needle  should  preferably  be  a  small  piece  of 
watch-spring,  magnetised,  cemented  on  to  the  back  of  a  small 
circular  mirror,  and  suspended  by  a  silk  fibre,  mounted,  in  order 
to  shield  it  from  air  currents,  in  a  small  glass -fronted  case.  A 
beam  of  light  can  be  made  to  fall  on  the  mirror,  and  the  reflected 
beam  falling  on  a  scale,  the  movements  of  the  spot  of  light  so 
formed  can  be  made  to  indicate  with  great  exactness  every  move- 
ment of  the  needle.  The  iron  rod  being  of  considerable  length, 
its  lower  end  yill  be  so  far  away  that  it  will  have  practically  no 
effect  on  the  needle.  If  a  coil  of  wire  be  wound  over  the  rod, 
currents  of  gradually  increasing  strength  can  be  sent  through  the 
coil,  and  the  magnetising  force  being  proportional  in  every  case 
to  the  current  strength,  while  the  deflections  of  the  needle  are 
approximately  proportional  to  the  magnetisation  of  the  rod,  a  set 
of  fairly  accurate  results  can  readily  be  obtained.  If  it  be  desired 
to  discover  exactly  what  the  increased  effect  due  to  the  iron  core 
is  at  every  stage,  it  is  only  necessary  to  remove  the  core,  and  take 
another  set  of  readings  with  the  coil  alone,  employing  a  similar 
set  of  values  for  the  current  strength  ;  and  then,  deducting  the 
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deflections  so  obtained  from  those  previously  obtained  with  the 
core  in  the  coil,  the  effect  due  to  the  iron  can  be  deduced.  Or 
a  second  similar  coil  (without  an  iron  core)  might  be  placed  on 
the  other  side  of  the  needle,  and  the  two  coils  being  joined  in 
series,  so  that  they  would  always  have  equal  currents  flowing  in 
them,  the  position  of  the  subsidiary  coil  might  be  adjusted  until 
its  effect  on  the  needle  just  balanced  that  of  the  first  coil  without 
its  iron  core.  On  then  inserting  the  core  any  deflection  obtained 
would  be  due  to  the  increased  effect  caused  by  the  presence  of 
the  iron. 

Such  results  are  best  shown  by  plotting  on  squared  paper 
curves  similar  to  those  given  in  fig.  115.     This  squared  paper, 


STRENGTH  OF  EXCITING    CURRENT. 


which  is  exceedingly  useful,  is  usually  ruled  with  a  number  ol 
equidistant  horizontal  and  vertical  lines,  the  former  being,  however, 
omitted  in  the  present  instance.  Let  it  be  supposed  that  the 
line  o  D  is  divided  into  a  number  of  equal  parts,  corresponding  to 
the  various  current  strengths,  so  that,  for  example,  from  o  to  the 
tenth  division  would  represent  five  times  the  current  strength  that 
would  be  indicated  by  two  such  divisions.  Let  us  also  suppose 
that  o  M  is  divided  equally,  and  that  the  divisions  correspond  to 
the  various  effects  produced  by  the  upper  end  of  the  iron  rod  and 
coil  upon  the  needle.     Let  us  now  suppose  currents  of  various 
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strengths,  indicated  by  the  distances  along  o  d,  to  be  sent  through 
the  coil,  then  any  one  effect  which  the  coil  with  its  core  exerts 
upon  the  needle  can  be  measured  along  the  line  o  m,  and  the 
distance  thus  measured  marked  off  upon  the  corresponding 
ordinate  projected  from  o  d.  The  thick  upper  curve  o  a  drawn 
through  the  intersecting  points  shows  graphically,  by  its  distance 
from  o  D,  the  deflecting  effect  produced  upon  the  needle  by  the 
various  currents  corresponding  to  the  distances  along  o  d.  Let  it 
be  further  supposed  that,  without  in  any  way  altering  the  position 
of  the  needle  or  of  the  coil,  the  core  is  withdrawn  and  the  various 
currents  again  sent  through  the  coil.  Then  the  various  magnetic 
effects  of  the  coil  upon  the  needle  are  clearly  indicated  by  the 
*  curve'  OB,  which,  in  this  case,  is  a  straight  line,  and  which 
demonstrates,  therefore,  that  the  field  produced  by  the  coil  is  pro- 
portional to  the  current  flowing  through  it.  The  third  curve  o  c 
is  particularly  interesting.  Suppose  the  magnetic  effect  due  to  the 
coil  alone,  and  represented  by  the  distance  d  b,  to  be  deducted 
from  the  joint  effect  produced  with  the  same  current  by  the  core 
and  coil  combined,  and  represented  by  the  distance  d  a,  then  the 
remainder  b  a  =  d  c  will  represent  the  effect  produced  by  the  core 
alone.  And  if  this  subtracting  process  is  carried  out  along  each 
of  the  ordinates,  the  curve  o  c,  which  shows  at  every  point  the 
increased  effect  due  to  the  iron  core,  will  be  produced.  Now,  it 
will  be  observed  that,  after  a  certain  point  has  been  reached,  this 
curve  becomes  a  nearly  horizontal  straight  line,  indicating  that 
the  saturation  point  of  the  iron  has  been  reached,  and  that  any 
further  increase  in  the  current  strength  does  not  add  appreciably 
to  the  magnetisation  of  the  core,  the  increase  in  the  strength  of 
the  field  developed  being  mainly  that  due  to  the  coil  itself.  It  is 
perhaps  permissible  to  assume  that  the  two  curves  o  c,  o  b,  would, 
if  the  experiments  were  carried  far  enough,  intersect,  at  a  point 
where  the  permeability  of  the  air  equals  that  of  the  saturated 
iron. 

The  following  table  gives  a  number  of  results  obtained  for  a 
certain  specimen  of  soft  iron  by  Professor  Ewing.  The  specimen 
took  the  form  of  a  long  thin  rod,  which  was  caused  to  deflect  a 
small  suspended  needle  or  *  magnetometer '  in  a  manner  similar 
to  that  just  described,  and  the  results  are  perhaps  more  accurate 
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than  those  of  earlier  date  from  which  the  curve  given  in  fig.  115 
was  drawn. 


H 


B 


•32 

40 

•84 

170 

1-37 

420 

214 

1,170 

2-67 

3.710 

3 '24 

7.300 

389        , 

9.970 

4SO        1 

11^640 

1     " 

H 

120 

5*17 

200 

6 '20 

310 

7  "94 

5SO 

979 

1.390 

"•57 

2,250 

1506 

2.560 

1976 

2,590 

2170 

B 


12.680 

2.450 

13.640 

2,20O 

14.510 

1.830 

14.980 

1.530 

15.230 

1,320 

15.570 

1,030 

15.780 

800 

15.870 

730 

In  fig.    116  these  tabulated  results  are  graphically  shown  by 
the  curve  in  which  the  various  values  of  the  magnetising  force  H 
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are  plotted  as  abscissae,  and  those  for  the  corresponding  induc- 
tion B  as  ordinates.  One  side  of  each  square'represents  one  unit 
of  magnetising  force,  and  another  side  one  thousand  units  of 
magnetic  induction.  For  example,  it  will  be  seen  from  the  table 
that  a  magnetising  force  of  4-5  developed  in  the  iron  11,640  lines 
of  force  per  square  centimetre,  and  this  particular  experiment  gave 


Digitized 


by  Google 


CHAP.  VII.  Retentivity  235 

the  point  d  on  the  curve.  The  position  of  this  point  was  of  course 
fixed  by  first  taking  the  point  a  at  4*5  units  distant  from  o,  and 
then  the  point  c  at  a  distance  corresponding  to  1 1,640  units  from 
o,  and  from  these  two  points  drawing  lines  at  right  angles  to  the 
horizontal  and  vertical  base-lines  respectively,  these  lines  inter- 
secting at  the  point  d.  The  curve  by  its  slow  initial  rise  from 
the  point  o,  followed  by  a  sudden  rise,  clearly  illustrates  the  fact 
that  the  permeability  of  the  iron  rapidly  increases  after  a  few  lines 
of  force  have  been  projected  through  it,  while  the  decided  bend, 
after  the  point  d  has  been  passed,  shows  the  stage  at  which  the 
iron  becomes  saturated.  It  will  also  be  observed  that  by  increas- 
ing the  magnetising  force  from  2  to  7,  the  magnetic  induction 
was  increased  to  the  extent  of  about  13,000  lines  ;  while  at  a  later 
stage  a  twofold  increase  in  the  magnetising  force,  that  is  to  say 
from  10  to  20,  failed  to  increase  the  induction  by  1,000  lines. 
This  emphasises  the  fact  that  it  is  uneconomical  to  work  an  iron 
core  above  a  certain  density,  and  that  a  sufficient  quantity  of  iron 
should  be  employed  to  prevent  the  saturation  point  being  passed. 
In  addition  to  its  high  permeability,  pure  soft  iron  has  another 
property  which  recommends  its  adoption  for  the  cores  of  electro- 
magnets, and  that  is  its  low  *  retentivity,'  for  in  many  cases 
electro- magnets  are  required  to  develop  as  strong  a  field  as  possible 
at  some  particular  point  directly  the  current  commences  to  flow, 
and  to  lose  or  be  deprived  of  all  traces  of  magnetisation  on  the 
cessation  of  the  current.  Steel,  as  we  have  already  seen,  always 
retains  a  large  proportion  of  the  magnetisation  imparted  to  it. 
Hard  and  impure  iron  have  similar  properties,  inferior  only  to 
steel  itself.  There  is  no  doubt  that  these  properties  of  permea- 
bility and  retentivity  are  very  largely  governed  by  the  molecular 
structure  of  the  iron  or  steel,  and  by  the  greater  or  less  rigidity 
obtaining  among  the  particles  of  the  metal.  In  fact,  the  two 
properties  to  a  great  extent  go  together  ;  for  all  qualities  of  iron 
or  steel  through  which  it  is  difficult  to  urge  the  lines  of  force,  or 
to  magnetise,  are  found  to  be  correspondingly  obdurate  when  it 
is  sought  to  demagnetise  them,  or  deprive  them  of  magnetisation. 
There  is,  therefore,  a  double  gain  in  employing  pure  soft  iron,  for 
not  only  is  its  permeability  greater,  but  its  retentivity  is  also  less 
than  that  of  impure  or  hard  iron. 
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On  the  other  hand,  in  selecting  a  material  for  permanent 
magnets,  the  principal  thing  to  be  considered  is  the  retentivity, 
which,  of  course,  should  be  as  high  as  possible.  No  substance 
has  yet  been  found  which  is,  in  this  respect,  superior  to  good  hard 
steel.  Some  specimens  of  steel  have  been  made  so  hard  that 
efforts  to  appreciably  magnetise  them  have  proved  futile.  One  of 
the  most  remarkable  features  to  be  observed  in  this  matter  is  the 
extraordinary  effect  produced  by  the  admixture  of  a  small — one 
might  almost  say  a  minute— proportion  of  other,  or  foreign,  sub- 
stances with  the  iron.  Just  as  a  fractional  proportion  of  iron  or 
other  metal  added  to  copper  causes  a  large  increase  in  its  electrical 
resistance,  so  the  addition  of  carbon,  tungsten,  phosphorus,  sulphur, 
arsenic,  &c.,  to  iron,  reduces  its  permeability  and  also  increases 
its  retentivity.  In  the  case  of  ordinary  steel  the  retentivity  is 
evidently  due,  in  a  great  measure,  to  the  presence  of  carbon,  and, 
with  a  bar  of  good  magnet-steel,  the  permeability  is  so  feeble,  and 
the  retentivity  so  great,  that  it  is  impossible,  by  electro- magnetic 
induction,  to  upset  the  molecular  arrangement  in  the  interior  of 
the  bar,  so  that  the  magnetisation  is  in  reality  little  more  than 
skin-deep.  This  can  be  easily  proved  by  magnetising  a  small 
piece  of  very  hard  steel  and  then  immersing  it  in  dilute  sulphuric 
or  hydrochloric  acid.  In  a  few  moments  the  surface  of  the  metal 
will  have  been  dissolved,  and  on  withdrawing  it  from  the  liquid 
all  traces  of  magnetisation  will  have  disappeared.  Consequently, 
it  is  preferable,  in  making  a  large  permanent  magnet,  to  build  up 
a  number  of  thin  strips  of  steel  cut  to  size  and  then  magnetised 
separately.  On  fastening  them  together,  the  built-up,  or  Mami- 
nated,*  magnet  will  be  found  capable  of  producing  a  far  stronger 
field  than  can  be  obtained  with  any  solid  magnet  of  similar 
dimensions.  It  should,  however,  be  added  that  in  building  up 
such  a  compound  magnet  there  is  no  advantage  in  employing  brcLss 
screws  or  bolts  to  fasten  the  individual  magnets  together  as  is 
usually  done.  In  fact,  this  plan  cannot  but  disperse  the  lines  of 
force  passing  through  the  magnets,  and  therefore  weaken,  more 
or  less,  the  polar  strength.  Iron  screws  or  bolts  are  mechanically 
and  magnetically  preferable. 

It  is  interesting  to  notice  that  specimens  of  steel  have  been 
made,  containing  12  per  cent,  of  manganese,  which  it  has  been 
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found  practically  impossible  to  magnetise  even  under  the  influence 
of  a  very  powerful  field.  Apparendy  the  molecular  rigidity  is  so 
great  that  no  ordinary  magnetising  force  can  overcome  it  and 
make  the  particles  take  up  new  positions  ;  and  this  assumption  is 
partly  borne  out  by  the  fact  observed  by  Mr.  Hadfield  (who  intro- 
duced this  particular  kind  of  steel)  that  long  continued  vibration 
appreciably  increases  its  susceptibility  to  magnetisation.  Similar 
results  follow  when  the  proportion  of  carbon,  phosphorus,  sulphur, 
&c.,  mixed  with  the  iron  exceeds  a  certain  small  limit,  while  the 
admixture  of  even  a  small  percentage  of  antimony  suffices,  it  is 
alleged,  to  destroy  all  trace  of  magnetic  properties.  There  should 
certainly  be  a  large  field  of  practical  utility  open  to  the  economical 
manufacture  of  unmagnetisable  iron.  For  example,  the  bed-plates 
of  dynamos  are  frequently  separated  from  the  field-magnets  by 
huge  slabs  of  zinc  or  brackets  of  gim-metal  because,  othen\'ise, 
the  bed-plates  would  form  what  may  be  called  a  magnetic  short- 
circuit  between  the  poles  of  the  field-magnets.  Zinc  is  mechani- 
cally much  weaker  than  iron,  and  this,  added  to  its  very  much 
higher  price,  renders  its  use  objectionable.  Gun-metal,  although 
much  stronger  than  zinc,  is  still  more  expensive.  To  avoid  the 
difficulty,  comparatively  small  dynamos  are  rarely  designed  now 
with  their  pole  pieces  downwards,  but  are  turned  about  so  that 
the  bed-plate  is  connected  to  the  yokes  or  magnetically  neutral 
portions  of  the  field -magnets.  Under  such  circumstances  only  a 
very  few  of  the  lines  are  wasted  by  passing  through  the  bed- plate. 

To  ensure  that  the  armature  of  an  electro-magnet  similar  to 
that  illustrated  in  fig.  113  shall  be  capable  of  transmitting  a  large 
percentage  of  the  number  of  lines  of  force  which  pass  through 
the  core,  it  is  evident  that  it  must  at*  least  be  equal  in  permeability 
and  correspondingly  massive.  It  should  certainly  be  equal  in 
section  to  the  core. 

It  will  be  seen  that  the  coil  is  divided  into  two  sections,  placed 
one  on  each  limb  or  leg  of  the  core.  The  winding  is  such  that, 
were  the  core  straightened  out  and  the  coils  pushed  together  so 
that  their  ends  meet,  they  would  form  one  continuous  coil  or  helix  ; 
otherwise  similar  instead  of  dissimilar  poles  would  be  developed 
at  the  extremities  of  the  core.  The  iron  should  preferably  be  the 
best  and  softest  procurable,  and  should  be  bent  so  that  the  poles  are 
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brought  together ;  a  comparatively  large  number  of  the  lines  of 
force  will  then  pass  through  the  space  between  the  poles  when  the 
armature  a  is  removed.  The  surfaces  in  contact  should  fit  as  truly 
as  possible,  so  that  there  is  the  minimum  air  space  between  them. 
Sharp  comers  or  edges  should  be  avoided,  and,  since  the  natural 
shape  of  the  lines  of  force  is  circular,  the  whole  should  approxi- 
mate to  the  circular  form,  when  there  will  be  little  tendency  for 
the  lines  of  force  to  *  leak  out '  of  the  iron  and  complete  their 
circuit  through  the  air  space. 

Such  horse-shoe  electro-magnets  are  frequently  constructed  to 
sustain  a  weight.  The  sustaining  power  is  not,  however,  neces- 
sarily strictly  proportional  to  the  magnetising  force,  or  even  the 
total  number  of  lines  of  force  produced,  as  this  power  depends 
upon  a  number  of  secondary  considerations  (such  as  the  shape  of 
the  pole  pieces  or  extremities  of  the  core,  the  dimensions  and 
surface  of  the  armature,  and  the  method  of  applying  the  weight 
to  be  sustained),  some  of  which  do  not  require  to  be  taken  into 
account  when  estimating  the  electro-magnetic  field  itself.  The 
weight  can  be  suspended  from  a  hook  fixed  to  the  middle  of  the 
armature,  so  that  the  pull  upon  the  two  poles  is  equal,  the  sustain- 
ing power  being  measured  by  the  weight  which  can  be  supported 
by  the  armature  without  causing  its  separation  from  the  magnet. 

It  is,  however,  frequently  preferable,  for  convenience  of  con- 
struction, as  in  the  case  of  most  forms  of  dynamo-electric  machines, 
as  well  as  in  telegraphic  and  other  similar  apparatus,  to  build  up 
an  electro-magnet  in  which  two  straight  cores  are  yoked  together 
by  a  piece  of  soft  iron  which  is  screwed  or  lx)lted  to  them.  The 
yoke  must  naturally  be  massive,  and  the  surfaces  fit  truly  to  avoid 
as  far  as  possible  the  introduction  of  a  magnetically  resisting  air 
space. 

Reverting  to  the  question  of  magnetic  inertia,  it  may  be  men- 
tioned that  any  cause  which  may  operate  to  set  up  molecular 
vibrations  in  a  piece  of  iron  or  steel  facilitates  either  magnetisa- 
tion or  demagnetisation — that  is  to  say,  if  the  metal  is  placed  in 
a  magnetic  field  and  vibrations  then  set  up  in  it,  it  will  be  more 
readily  and  more  powerfully  magnetised  than  would  be  the  case 
were  the  vibrations  not  set  up,  and,  conversely,  a  magnet  loses  its 
magnetisation  by  being  set  in  vibration,  due  to  the  fact  that 
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facilities  are  thereby  afforded  for  the  individual  particles,  which 
are  themselves  magnets,  to  partially  rotate  and  form  little  closed 
magnetic  circuits  in  the  mass  of  the  metal.  These  vibrations  can 
be  caused  by  heating,  hammering,  twisting,  or  any  other  similar 
violent  treatment.  Hence,  steel  magnets  should  always  be  placed 
down  gently,  and  never  dropped  or  thrown  down,  otherwise  the 
magnetisation  will  be  more  or  less  destroyed.  A  magnet  raised 
to  a  red-heat  loses  its  magnetisation  entirely,  and  this  can  easily 
be  demonstrated  by  heating  a  magnetised  sewing  needle  in  a  gas 
flame  :  and,  further,  while  at  that  temperature  it  is  no  longer  at- 
tracted by  a  magnet,  acting  similarly  to  a  non -magnetic  metal.  It 
recovers  its  magnetic  properties  on  cooling  down,  but  does  not,  of 
course,  recover  any  magnetisation  which  may  previously  have  been 
imparted  to  it. 

By  adopting  the  precautions  referred  to,  magnets  can  be  made 
capable  of  sustaining  more  than  thirty  times  their  own  weight,  and 
a  description  of  the  method  practically  adopted  for  the  manufac- 
ture of  permanent  steel  magnets  capable  for  some  years  of  support- 
ing about  twenty-five  times  their  own  weight  may  prove  serviceable. 
In  this  case,  the  best  tungsten  steel  is  employed.  It  is  heated 
gently  to  a  dull  red  heat  and  hammered  into  the  required  shape, 
care  being  taken  not  to  raise  the  temperature  too  high,  or  the 
tungsten  will  be  volatilised.  A  small  magnet  may  therefore  re- 
quire to  be  placed  in  the  fire  several  times  before  the  necessary 
shape  has  been  obtained.  This  process  being  completed,  the  steel 
is  then  hardened  by  being  first  placed  in  a  close  fire  out  of  contact 
with  air,  so  as  to  ensure  uniform  heating  and  to  prevent  the  forma- 
tion of  a  hard  scale  of  iron  oxide.  It  is  then  dipped  into  a  water 
bath.  This  latter  process  must  be  carefully  attended  to,  or  the 
metal  will  be  twisted  or  otherwise  distorted.  It  should  be  held 
vertically,  and,  if  of  the  horse-shoe  pattern,  its  extremities  should 
be  dipped  in  first,  and  then  steadily  lowered  into  the  water.  The 
next  process  is  that  of  polishing,  after  which  it  is  passed  a  few 
times  over  the  poles  of  a  large  and  powerful  permanent  magnet,  the 
steel  being  turned  over  once  or  twice  so  as  to  magnetise  both  faces. 
Of  course,  a  large  electro-magnet,  with  a  powerful  current  circu- 
lating through  its  coils,  can  be  employed,  but  the  permanent 
magnet  is  quite  as  efficient  provided  it  be  sufficiently  powerful. 
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Concerning  the  difficulty  of  magnetising  very  hard  steel  to  any 
great  depth  below  the  surface,  it  may  be  interesting  to  mention 
briefly  some  experiments  which  we  have  performed,  using  sulphuric 
acid  solution  to  dissolve  the  surface  particles  of  the  steel.  Our 
experiments  were  suggested  by  the  publication  by  Prof.  Hughes 
of  his  classical  papers,  which  did  more  to  throw  light  on  the 
fundamental  principles  of  magnetism,  and  constituted  a  greater 
advance  in  the  practical  application  of  the  science,  than  any  other 
set  of  experiments  or  publications  either  before  or  since.  One  of 
the  most  beautiful  experiments  was  that  in  which  a  steel  rod,  or, 
better  still,  a  steel  strip,  was  slightly  twisted  to  the  right  and  then 
magnetised  by  being  passed  over  the  pole  of  a  bar  magnet  in  one 
direction.  It  was  then  similarly  twisted  to  the  left  and  oppositely 
magnetised  by  being  passed  over  the  same  pole  in  the  reverse 
direction.  Hughes  found  that  when  the  torsion  was  released,  and 
the  strip  assumed  its  normal  condition,  it  gave  no  evidence  of 
magnetisation,  but  by  simply  twisting  it  either  to  the  right  or  to  the 
left  it  at  once  gave  evidence  of  magnetisation,  and  in  the  same 
sense  as  that  imparted  to  it  while  under  the  particular  twist — that 
is  to  say,  the  polarity  could  be  reversed  by  twisting  first  to  the 
right  and  then  to  the  left.  In  our  experiments  we  sought  to  bring 
about  this  superimposed  polarity  without  mechanically  altering, 
by  twisting  or  otherwise,  the  position  of  the  particles  of  steel,  and 
to  demonstrate  the  success  of  the  experiment  by  chemical  means. 
For  example,  a  small  steel  rod  was  raised  to  a  red  heat  and  plunged 
in  water  while  in  a  strong  magnetic  field.  It  thus  became  hardened 
and  at  the  same  time  powerfully  magnetised  throughout.  It  was 
next  drawn  gently  over  one  pole  of  a  powerful  magnet  in  such  a 
direction  as  to  magnetise  it  in  the  opposite  sense  to  that  previously 
imparted,  the  process  being  continued  until  there  was  no  external 
evidence  of  magnetisation.  The  rod  was  then  immersed  in  a 
sulphuric  acid  solution,  in  line  with  a  magnetometer.  Immediately 
after  immersion  there  was  no  deflection  of  the  magnetometer 
needle,  the  rod  behaving  similarly  to  a  piece  of  unmagnetised  steel. 
In  a  very  short  time,  however,  the  magnetometer  needle  began  to 
move  slowly,  say,  to  the  left,  the  deflection  gradually  increasing 
up  to  a  certain  maximum  from  which  it  as  gradually  fell  to  zero, 
when  it  was  found  that  nearly  the  whole  of  the  steel  rod  had  been 
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dissolved.  Were  the  process  to  which  the  steel  rod  had  been  sub- 
jected unknown,  it  would  appear  that  the  mere  immersion  in  the 
solution  and  the  consequent  chemical  action  had  imparted  mag- 
netisation to  it ;  but,  of  course,  the  fact  is  that  the  outer  layers 
only  were  reversed  in  magnetisation,  and  to  a  sufficient  extent  to 
just  neutralise  the  magnetisation  of  the  interior  of  the  rod,  which 
remained  unaltered.  As  the  outer  layers  were  dissolved,  the 
interior  magnetisation  preponderated  more  and  more,  until  when 
the  whole  of  the  exterior  magnetised  shell  had  been  dissolved 
the  maximum  deflection  was  obtained.  The  subsequent  fall  in 
the  deflection  resulted  from  the  gradual  dissolution  of  the  interior 
portion.  A  number  of  other  experiments  were  performed,  some 
of  them  of  a  more  or  less  fanciful  character,  but  all  involving  the 
same  principle. 

We  have  stated  frequently — so  frequently,  in  fact,  that  we  feel 
it  almost  necessary  to  apologise  for  repeating  the  statement — that 
when  a  current  of  electricity  is  set  up  ^.^ , 

in  a  wire,  an  electro-magnetic  field  is    a  b 

almost  immediately  generated  in  the 

region  surrounding  that  wire.  But  the    c  d 

converse  of  this  is  also  true — viz.  that 

when  an  electro-magnetic  field  is  suddenly  set  up  around  a  wire,  there 
is  a  tendency  for  a  current  to  be  generated  in  that  wire  during  the 
setting  up  of  the  fields  and  if  the  wire  forms  part  of  a  complete 
circuit  a  current  will  flow  along  it.  The  source  of  the  field  is 
immaterial  :  it  may  be  a  permanent  magnet,  a  straight  wire,  or  a 
helix  carrying  a  current ;  all  that  is  essential  being  that  the  lines 
of  force  should  be  thrust  across  the  wire,  or  that  the  wire  should 
be  moved  in  such  a  manner  as  to  cut  the  lines  of  force  transversely. 
As  an  instance,  let  a  b,  c  d  (fig.  117)  be  two  wires  running  side 
by  side  for  a  certain  distance,  each  forming  part  of  a  complet5 
circuit  If  a  current  is  started  in  a  b,  lines  of  force  will  imme- 
diately start  from  its  centre,  or  axis,  in  the  form  of  widening 
circles,  and,  cutting  the  second  wire,  c  d,  set  up  an  electro-motive 
force  therein  and,  in  consequence,  generate  an  electric  current. 
It  is  only,  however,  while  the  lines  of  force  are  actually  cutting 
the  second  wire  that  the  e.m.f.  is  developed,  and  as  this  cutting 
ceases  immediately^he  current  in  a  b  arrives  at  its  full  strength. 
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the  induced  current  lasts  but  for  a  moment.  In  direction  it  is 
opposite  to  the  current  in  the  wire  a  b.  While  the  original  current 
is  steady  many  of  the  lines  of  force  due  to  it  are  embracing  the 
adjacent  wire  c  d,  but,  being  relatively  at  rest,  they  have  no  effect 
thereon. 

When  the  current  in  a  b  is  stopped,  all  the  lines  of  force 
collapse  upon  it,  and  those  which  extended  beyond  the  wire  c  d 
again  cut  it,  and  thereby  indiice  in  it  another  momentary  current. 
But,  since  the  lines  now  cut  the  wire  c  d  in  the  opposite  sense  (for 
they  approach  it  from  the  opposite  side),  the  resulting  current  is  in 
the  opposite  direction  to  the  previous  one— that  is,  it  is  now  in  the 
same  direction  as  the  inducing  current  which  was  flowing  in  the 

wire  AD.  By  noting  the 
direction  of  the  lines  of 
force  due  to  the  inducing 
current,  and  the  direction 
in  which  they  must  coil 
round  the  wire  c  d  during 
the  time  they  are  passing 
it,  we  might  predict  the 
direction  of  the  induced 
current  in  either  case.  It 
is  somewhat  difficult  to 
make  this  clear  by  dia- 
grams, but  an  analogy  may 
assist  us  to  a  great  extent. 
When  any  small  body  is  dropped  on  the  surface  of  still  wate.r  it 
breaks  that  surface  into  a  series  of  ripples  which  take  the  form 
of  ever-widening  concentric  circles  as  in  fig.  ii8,  where  a  is 
the  point  of  generation.  In  such  a  manner  do  the  lines  of  force 
spring  into  existence  from  a  wire,  only  with  far  greater  rapidity, 
and  it  is  difficult  in  either  case  to  fix  a  limit  to  their  extent  if  the 
medium  (the  water  or  the  ether)  is  not  limited. 

Now,  if  these  water  ripples  meet  any  obstruction,  for  instance, 
a  post  at  the  point  c,  they  set  up  around  it  a  series  of  circular 
ripples,  feebler,  perhaps,  but  precisely  similar  in  character  to 
themselves.  It  is  difficult  at  present  to  say  with  certainty  exactly 
what  happens  in  the  case  of  the  electro-magnetic  lines  of  force, 
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but  we  can  safely  use  the  analogy  for  the  purpose  of  demonstrat- 
ing that  the  direction  of  the  lines  of  force  round  the  wire  in  which 
the  current  is  induced  is  opposite  to  their  direction  round  the 
inducing  wire.  For,  suppose,  as  in  the  case  of  the  lines  of  force, 
the  original  ripples  round  a  to  have  what  is  called  a  positive 
direction — that  is  to  say,  that  they  circulate  in  a  right-handed 
direction  after  the  manner  of  the  hands  of  a  clock,  as  indicated 
by  the  arrows  ;  then,  since  that  direction  would  not  be  altered  by 
reflection  at  the  obstacle  c,  they  must  go  round  c  left-handedly  or 
contrary  clock-wise.  Now,  if  these  were  electro-magnetic  lines  of 
force  we  know  (page  86)  that  their  direction  would  indicate  a 
current  flowing  downward  through  a,  and  upward  through  c,  and 
thus  we  can  readily  perceive  how  the  starting  of  a  current  in  one 
wire  gives  rise  to  an  inverse  one  in  a  neighbouring  wire.  Further, 
we  see  that  it  is  only  while  the  original  ripples  generated  from  A 
are  passing  the  point  c  that  these  secondary  ripples  can  be 
generated  or  called  into  existence,  and  we  may  again  picture  to 
ourselves  how  it  is  that  a  current  is  induced  in  a  wire,  only  during 
the  time  that  the  cur- 
rent in  the  neighbouring 
wire  is  attaining  its  full 
strength. 

Let  us  now  suppose 
it  possible  to  cause  a 
series  of  ripples  to  col- 
lapse upon  the  point  a, 
in  the  same  manner  as 
we  imagine  lines  of  force 
to  collapse  upon  a  wire. 
Before  arriving  at  a  they 
would  meet  with  c,  and, 
as  before,  generate  a 
series  of  secondary  rip- 
ples, but  in  this  case 
their  direction  round  c 

and  A  would  be  the  same,  for  now  they  approach  c  from  the 
opposite  side.  Again  assuming  the  ripples  to  have  a  positive 
direction,  the  arrows  in  fig.  119  show  that  their  direction  will  be 
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the  same  round  each,  and  if  a  and  c  were  wires  and  the  circles 
lines  of  force,  the  current  in  each  wire  would  be  flowing  downward 
through  the  paper.  It  thus  becomes  easy  to  imagine  how  the 
stoppage  of  a  current  in  a  wire  induces  in  a  neighbouring  wire  a 
current  in  the  same  direction  as  itself.  The  wire  in  which  a 
current  is  induced  is  called  the  secondary,  and  the  one  which 
carries  the  inducing  current  is  termed  the  primary  wire. 

Now,  if  in  fig.  117  the  wire  a  b,  while  carrying  a  steady  current, 
were  suddenly  brought  close  to  cd,  or  if  cd  were  suddenly 
brought  close  to  a  b,  the  lines  of  force  would  cut  c  d  in  precisely 
the  same  manner  as  they  did  when  a  current  was  started  in  a  b. 
The  result  would  therefore  be  the  same,  that  is,  a  momentary 
current  would  be  developed  by  induction  in  c  d,  in  the  opposite 
direction  to  that  of  the  current  in  a  b.  Furthermore,  if  the  two 
wires  were  then  suddenly  moved  asunder,  c  d  would  be  cut  by  the 
retreating  lines  of  force,  just  as  it  was  cut  during  the  stopping  or 
the  dying  away  of  the  primary  current,  and  a  direct  induced 
current  would  therefore  be  the  result. 

These  induced  currents  bear  a  very  simple  ratio  to  the  currents 
producing  them.  The  e.m.f.  in  the  secondary  wire  is  proportional 
to  the  number  of  lines  of  force  which  cut  it,  and  also  to  the  rate 
at  which  they  cut  it.  Now,  the  number  of  lines  of  force  may  be 
increased  by  increasing  the  strength  of  the  current  in  the  primary 
wire,  or  by  adding  to  the  length  of  the  wires  in  proximity.  It  is, 
however,  more  convenient  to  wind  the  longer  wires  in  spirals  or 
helices,  when  the  effect  will  be  similar  to  that  which  would  result 
from  two  long  straight  wires.  It  is  evident  that  the  two  wires 
should  be  as  close  together  as  possible,  otherwise  those  lines  of 
force  very  near  the  primary  wire  would  not  reach  the  secondary 
wire  at  all,  and  would,  therefore,  fail  to  produce  any  effect  therein. 
In  some  cases  when  it  is  desired  to  obtain  a  powerful  induced 
current,  the  primary  and  secondary  wires  are  wound  in  the  form 
of  concentric  helices,  and  an  iron  core  is  inserted  to  increase  the 
number  of  lines  of  force  which  cut  the  secondary.  Having  by 
such  means  made  the  number  of  effective  lines  as  high  as  possible, 
the  only  other  thing  to  be  done  in  order  to  increase  the  secondary 
E.M.F.  is  to  make  the  rate  at  which  the  secondary  is  cut  by  these 
lines  as  great  as  possible. 
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Now,  supposing  the  two  wires  ab,  cd  (fig.  117)  to  lie  quite 
close  together,  and  the  current  in  a  b  to  be  started  and  to  arrive 
at  its  full  strength  instantaneously  ;  the  rate  at  which  its  lines  of 
force  cut  c  D  would  then  be  a  maximum,  and  it  would  not  be 
possible  to  further  increase  the  e.m.f.  of  the  induced  current, 
except  by  increasing  the  strength  of  the  current  in  a  b  and  so 
increasing  the  number  of  the  lines  of  force.  But  in  practice  a 
current  does  not  rise  to  its  full  strength  instantaneously,  nor  does 
it  stop  suddenly  ;  time  is  taken  for  the  lines  of  force  to  spring  into 
existence  and  to  die  away,  and  under  certain  conditions  this  time 
may  be  considerable.  To  understand  the  principal  cause  of  this 
sluggishness,  let  us  refer  again  to  fig.  118  and  further  study  the 
case  of  the  water  ripples.  A  little  thought  or  experiment  will 
make  it  evident  that  the  secondary  ripples  round  c  will  quickly 
reach  the  point  a,  and  if  the  body  which  caused  the  disturbance 
is  still  there,  will  set  up  around  it  ripples  in  the  same  sense  as 
the  original  ones.  Now,  suppose  two  wooden  balls,  a  and  b,  were 
dropped  into  the  water  at  the  same  moment  close  together  and 
equidistant  from  c,  they  would  set  up  ripples  round  c,  each  to  the 
same  extent  and  in  the  same  sense  ;  in  fact,  the  number  round  c 
would  be  doubled.  But  still  stronger  is  the  effect  of  a  and  b  round 
each  other,  and  (still  assuming  a  positive  direction  just  as  we  do  for 
lines  of  force)  the  direction  of  the  ripples  so  set  up  round  each 
will  be  opposite  to  those  which  it  generates.  In  the  same  way  if 
a  primary  wire  is  looped  into  two  convolutions,  a  and  b,  they 
will  generate  round  an  equidistant  loop  of  the  secondary  c  just 
double  the  number  of  lines  of  force  which  one  will ;  but  they  also 
react  upon  each  other,  each  setting  up  round  the  other,  lines  of  force 
which  would  generate  a  current  tending  to  stop  the  primary  one, 
the  result  being  that  this  primary  current  does  not  rise  so  rapidly 
to  its  full  strength.  This  retardation  increases  as  we  increase  the 
number  of  convolutions ;  in  fact,  it  varies  directly  as  the  square  of 
the  number  of  convolutions,  because  each  one  acts  upon  all  the 
others  and  they  in  their  turn  act  upon  it.  Therefore  the  retarda- 
tion in  a  coil  of  100  turns  would  be  100  times  as  great  as  in  a 
coil  of  10  turns. 

In  a  precisely  similar  manner  the  reaction  of  adjacent  convo- 
lutions prevents  the  instantaneous  stoppage  of  a  current ;  for,  at 


Digitized 


by  Google 


246  Electrical  Engineering  chap.  vn. 

the  moment  of  disconnecting  the  batter}'  or  other  current-generator, 
lines  of  force  collapse  upon  each  convolution,  and  in  so  doing 
they  cut  the  other  convolutions  and  generate  a  direct  induced 
current  which  will  also  vary  as  the  square  of  the  number  of  turns, 
and  tend  to  prolong,  or  retard  the  disappearance  of,  the  primary 
current. 

The  electro-motive  force  resulting  from  this  collapsing  of  the 
lines  of  force  may  be,  and  usually  is,  much  higher  than  that  which 
maintains  the  original  current.  For,  supposing  the  battery  used 
consists  of  ten  Daniell  cells,  then  if  ihe  poles  are  connected  by  a 
short  piece  of  wire,  no  spark,  or,  at  the  most,  a  very  feeble  one, 
is  observable  when  the  circuit  is  closed  and  opened  quickly.  If 
this  same  battery  is  made  to  send  a  current  through  a  coil  of 
many  turns  of  wire,  although  its  resistance  may  be  high  and  cause 
the  current  to  be  comparatively  weak,  yet,  on  breaking  the  circuit, 
a  spark  will  be  observed.  This  is  due  to  the  fact  that  the  lines  of 
force  fall  back  so  quickly  upon  their  respective  convolutions  in 
the  coil,  that  they  cut  the  adjacent  convolutions  with  sufficient 
rapidity  to  generate  a  momentary  e.m.f.  high  enough  to  produce 
a  current  sufficiently  strong  to  volatilise  a  portion  of  the  metal,  and 
to  maintain  the  current  across  the  vapour-filled  space  for  a  brief 
interval,  even  after  the  wires  are  moved  asunder.  This  effect  is 
even  more  striking  if  in  a  dark  room  contact  is  broken  between 
a  wire  and  a  mercury  surface,  when  a  little  of  the  mercury  is 
volatilised ;  and,  since  the  effect  of  iron  placed  in  the  vicinity 
is  to  increase  the  number  of  lines  of  force  which  are  active,  the 
spark  can  be  increased  enormously  by  placing  a  core  inside  the  coil. 

The  term  *  self-induction  '  has  been  given  to  this  action,  which 
prevents  the  instantaneous  rise  and  fall  of  a  current,  and  it  will  be 
evident,  from  what  has  been  said,  that,  in  the  case  of  a  simple 
straight  wire,  this  phenomenon  is  almost  imperceptible,  and  that, 
in  order  to  make  the  self-induction  of  any  circuit  a  maximum,  the 
wire  should  be  wound  into  as  many  convolutions  as  possible,  and 
be  provided  with  plenty  of  iron. 

In  some  cases  it  is  desired  to  design  electro- magnets  which 
shall  be  affected  as  little  as  possible  by  brief,  sudden  fluctuations 
of  the  magnetising  current.  It  is  manifest  that  in  such  a  case  the 
electro-magnetic  inertia— that  is,  the  self-induction  -  mpst  be  ni»ide 
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high  by  using  a  long  and  massive  core  and  a  great  number  of 
turns  of  wire  ;  for,  as  we  have  seen,  self-induction  prevents  a  rapid 
rise  or  fall  of  the  current,  in  just  the  same  way  that  the  inertia  of 
matter  prevents  any  instantaneous  change  in  its  motion.  If,  on 
the  other  hand,  an  electro-magnet  is  required  to  be  quick-acting, 
or  to  be  very  sensitive  to  any  variation  in  the  current,  self-induc- 
tion should  be  as  low  as  possible,  and,  in  order  to  obtain  this,  the 
coil  should  consist  of  as  few  turns  of  wire  as  possible,  and  the  core 
should  be  short,  and  not  form  a  complete  circuit  of  iron. 

The  fact  that  when  a  conductor  is  cut  by  lines  of  force  a 
current  is  generated  therein  if  it  forms  part  of  a  complete  electrical 
circuit  enables  us  to  compare  the  strength  of  different  fields. 
For  example,  we  can  place  a  small  exploring  coil  which  encloses 
just  one  square  centimetre  in  a  certain  field  with  its  plane  at  right 
angles  to  the  lines  of  force,  when  it  will  enclose  lines  of  force 
equal  to  B,  or  the  number  per  square  centimetre  in  the  field.  By 
suddenly  removing  the  coil  from  the  field  it  will  cut  all  the  lines 
of  force  which  it  previously  embraced,  and  the  resulting  current 
will  be  proportional  to  this  number.  Consequently,  if  the  coil  be 
similarly  placed  in,  and  removed  with  equal  suddenness  from,  a 
second  field,  the  second  current  so  obtained  will  also  be  propor- 
tional to  the  strength  of  that  field,  and  by  comparing  the  strength 
of  the  two  currents  we  can  effect  a  comparison  between  the 
strength  of  the  two  fields.  Instead  of  removing  the  coil  it  may  be 
suddenly  turned  through  a  right  angle,  when  its  plane  will  lie 
parallel  to  the  lines  of  force,  in  which  position  it  will  embrace 
none  of  them  ;  or  it  may  be  turned  through  180  degrees,  in  which 
case  twice  the  current  strength  will  be  obtained  on  each  occasion, 
since  the  coil  will  cut  the  whole  of  the  lines  of  force  which 
it  embraced,  twice  instead  of  once  only.  The  resistance  of  the 
electrical  circuit  and  all  other  conditions  must  of  course  remain 
the  same  during  the  experiments  on  both  fields.  To  put  the 
matter  more  precisely,  the  electro-motive  force  generated  in  the 
coil  will  be  proportional  to  the  number  of  convolutions  in  the 
coil,  to  the  number  of  lines  of  force  which  it  cuts,  and  to  the 
speed  at  which  it  cuts  them  ;  while  the  strength  of  the  resulting 
current  will  be  proportional  to  this  electro-motive  force,  and 
inversely  proportional  to  the  resistance  in  the  circuit. 
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Again,  instead  of  moving  the  coil,  the  lines  of  force  may  be 
suddenly  removed  from  it,  or,  better  still,  they  may  be  reversed  ; 
and  this  latter  method  is  perhaps  the  best  of  all  for  measuring  the 
value  of  the  induction  in  a  sample  of  iron  with  various  magnet- 
ising forces.  The  iron  is  preferably  made  in  the  form  of  a 
continuous  ring,  and  overwound  evenly  with  a  coil  through  which 
a  current  may  be  sent  and  reversed ;  and  the  current  strength 
and  number  of  convolutions  per  centimetre  n  being  known,  the 
value  of  the  magnetising  force  may  be  calculated  from  the  formula 

H  =^— ,  where  c  is  the  current  strength  in  amperes.     If 

the  iron  is  homogeneous,  the  magnetic  induction  B  will  be  the 
same  in  every  portion  of  it,  and  a  small  coil  wound  over  the  iron 
at  any  point  will  embrace  all  the  lines  passing  through  the  iron. 
Then  by  reversing  the  current  the  iron  is  suddenly  demagnetised 
and  magnetised  in  the  reverse  direction,  and  all  the  lines  of  force 
so  made  to  vanish  and  start  in  the  opposite  direction  must  cut  the 
little  coil  and  generate  a  current  therein. 

In  fig.  120  we  show  a  simple  arrangement  of  apparatus  suit- 
able for  experimenting  by  this  method,  which  has  been  used  by 
a  number  of  investigators.  In  the  primary  circuit  is  placed  a 
battery  b,  a  resistance  coil  R  for  varying  the  current  strength, 
and  a  galvanometer  or  ammeter  a  for  measuring  the  current,  all 
being  joined  in  series  with  the  magnetising  coil  which  is  wound 
uniformly  all  round  the  iron  ring.  The  switch  s  enables  the 
current  to  be  started,  stopped,  or  reversed  in  direction.  The 
secondary  circuit  consists  of  the  small  coil  c,  a  galvanometer  g, 
and  a  coil  wound  on  a  rather  large  wooden  frame  D.  g  is  prefer- 
ably a  *  ballistic'  galvanometer,  having  a  somewhat  massive 
needle  suspended  by  a  silk  fibre,  it  being  essential  that  the  whole 
of  the  transient  induced  current  shall  flash  through  the  coils  before 
the  needle  has  moved  appreciably  from  the  zero  position.  Under 
such  conditions  the  deflection  of  the  needle  will  be  proportional 
to  the  total  quantity  of  electricity  flashed  through  the  coil,  inde- 
pendently of  a  small  variation  in  the  time  occupied  in  passing 
on  different  occasions,  since  the  needle  receives  the  whole  of  the 
impulse  while  in  the  most  sensitive  position.  A  mirror  attached 
to  the  needle  enables  the  deflections  to  be  read  by  the  movements 
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of  a  spot  of  light,  as  previously  explained.  The  coil  on  the  frame 
D,  which  IS  permanently  connected  in  circuit,  enables  the  galvano- 
meter to  be  standardised.  AVhen  laid  flat  on  a  table  it  embraces 
a  known  number  of  lines  of  force  due  to  the  earth's  magnetism 
(the  area  of  the  coil  and  the  vertical  component  of  the  earth's 
magnetism  being  known),  and  if  turned  suddenly  over  it  will 
cut  all  these  lines  twice,  and  the  deflection  caused  by  the  result- 

Fig.  120. 


ing  current  being  thus  due  to  an  inductive  effect  of  known  value, 
all  other  deflections  can  be  compared  with  it.  The  small  coil  c 
should  preferably  be  wound  next  the  iron,  otherwise  it  may 
embrace  a  considerable  space  containing  air,  copper  wire,  &c., 
and  many  lines  of  force  will  pass  through  this  space  and  be  em- 
braced by  and  cut  the  secondary  coil,  especially  when  the  iron 
has  its  permeability  greatly  reduced  by  being  strongly  magnetised. 
By  means  of  such  a  set  of  apparatus,  it  is  possible  to  study  the 
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manner  in  which  the  magnetising  force,  magnetic  induction,  and 
permeability,  vary  in  the  case  of  any  sample  of  iron  or  steel,  and 
the  results  can  conveniently  be  plotted  in  curves,  which  for  soft 
iron  would  be  approximately  similar  to  that  given  in  fig.  n6.  For 
hard  iron,  cast  iron,  or  steel  the  curve  would  rise  with  a  gentler 
slope,  and  not  attain  such  a  final  height  if  plotted  to  the  same 
scale. 

In  such  a  case  as  that  of  the  field-magnet  core  of  a  dynamo 
machine,  where  the  core  is  constantly  magnetised  in  one  direction 
only,  permeability  is  practically  the  only  quality  of  the  iron  which 
need  be  taken  into  account.  But  another  quality  of  even  greater 
importance  has  to  be  considered  with  respect  to  an  iron  core  (such 
as  an  armature  core),  where  the  magnetisation  is  repeatedly  and 
rapidly  reversed,  for  this  reversal,  involving  as  it  does  the  chang- 
ing of  positions  of  the  particles  of  the  iron,  cannot  be  effected 
without  an  appreciable  expenditure  of  energy,  which  is  converted 
into  heat.  The  name  *  hysteresis '  has  been  given  to  that  property 
of  the  iron  in  virtue  of  which  a  definite  amount  of  energy  has  to 
be  expended  in  order  to  change  the  position  of  its  particles,  and 
the  energy  so  expended  varies  with  the  intensity  of  the  magnetisa- 
tion, the  mass  of  the  iron,  the  rigidity  with  which  the  particles  are 
set  in  position,  and  the  rapidity  with  which  the  reversal  is  effected. 

In  fig.  121  we  give  a  curve  which  will  serve  to  illustrate  this 
phenomenon,  and  which  is  based  upon  the  experiments  of  Professor 
Ewing.  It  was  obtained  by  experimenting  upon  a  specimen  of 
annealed  pianoforte  steel  wire,  and  plotting  the  various  values  for 
the  magnetising  force  H,  and  the  resulting  magnetic  induction  B. 
The  first  part  of  the  curve,  starting  at  o  and  ending  at  a,  rises  simi- 
larly to  that  shown  in  fig.  ii6.  It  will  be  observed  that  when  H 
was  no  less  than  about  ninety-five  units,  the  number  of  lines  urged 
through  the  specimen  barely  exceeded  14,000  per  square  centi- 
metre. When  the  point  a  had  been  reached  the  magnetising 
force  was  reduced  step  by  step  and  the  induction  remaining  at 
every  step  observed.  The  curve  from  a  to  c  was  thus  obtained.  If 
no  energy  were  expended  in  the  process  of  turning  the  particles  into 
new  positions,  this  descending  curve  would  coincide  with  the 
ascending  one  ;  but  it  will  be  observed  that  it  lies  considerably  to 
the  left  of  it,  and  as  indicated  by  the  ordinate  o  d,  no  less  than 
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10,000  lines  per  square  centimetre  remained  in  the  steel  when 
the  magnetising  force  H  was  reduced  to  zero.  The  length  of  this 
ordinate  o  d  gives  a  measure  of  the  retentivity  of  the  steel.  In 
order  to  demagnetise  the  specimen  it  was  necessary  to  apply  a 
negative  magnetising  force  (by  reversing  the  direction  of  the 
current),  and  complete  demagnetisation  was  effected  when 
H  =  —  23  approximately,  as  indicated  by  the  length  of  the  line 
o  c.  Dr.  Hopkinson  has  happily  applied  the  term  *  coercive  force ' 
to  the  force  (as  measured  by  o  c)  which  it  is  necessary  to  apply 
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in  order  to  demagnetise  any  specimen  after  it  has  been  magnetised 
to  any  given  degree,  and  this  coercive  force  can  be  definitely  indi- 
cated in  terms  of  H.  From  this  point  where  8  =  0  the  negative 
magnetising  force  was  increased  until  it  had  the  same  value  as 
was  previously  given  to  it  in  the  positive  direction,  when  the 
value  of  B  was  the  same  as  on  that  occasion,  but  negative  instead 
of  positive.  From  this  point  e  the  riiagnetising  force  was 
diminished  step  by  step,  then  reversed  and  increased  positively  as 
before,  thus  giving  the  ascending  curve  e  f  a.  It  will  be  evi- 
dent that  the  area  e  c  a  f  enclosed  by  the  outer  curves  will  for 
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any  given  case  become  greater  as  either  the  maximum  induction 
reached,   or  the  coercive  force   of  the  specimen,  is  increased ; 


Fig 

122. 
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and  it  has  been  shown  that  for  any  specimen  the  energy  in  ergs 
wasted  in  the  complete  cycle  of  operations,  by  means  of  which  the 
curves  e  c  a,  a  f  e  are  obtained,  is  proportional  to  the  area  of  the 
figure  enclosed  by  those  curves.  If  the  curve  be  plotted  to  an 
appropriate  scale,  the  area  enclosed   divided  by  4  tt  gives  the 
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number  of  ergs  per  cubic  centimetre  of  iron  wasted  during  one 
complete  cycle ;  that  is  to  say,  in  changing  the  magnetisation  of 
the  iron  from  its  positive  maximum  to  its  negative  maximum,  and 
then  carrying  it  back  again  to  its  positive  maximum.  As  an 
instance  of  the  effect  of  hardening,  it  may  be  mentioned  that  a 
similar  specimen  of  pianoforte  steel  wire,  when  made  very  hard, 
had  a  coercive  force  of  over  40  units,  which  value  would  greatly 
increase  the  area  enclosed  by  the  curves  and  correspondingly 
increase  the  hysteresis  loss. 

It  will  be  seen  that  the  coercive  force,  which  depends  chiefly 
upon  the  nature  of  the  material  employed,  is  the  principal  factor 
in  determining  the  amount  of  the  energy  lost  by  hysteresis,  and 
hence  the  importance  of  selecting  a  material  in  which  the  coercive 
force  has  a  low  value,  for  use  in  those  cases  where  the  magnetisa- 
tion is  repeatedly  reversed.  As  might  be  expected,  the  coercive 
force  of  soft  iron  is  much  lower  than  that  of  steel  or  hard  iron, 
and  this  will  be  evident  from  an  inspection  of  fig.  122,  which 
is  also  based  upon  Professor  Swing's  experiments.  It  should  be 
noted  that  in  order  to  obtain  a  clearer  figure  the  magnetising 
forces  are  plotted  to  a  much  greater  scale  than  those  in  fig.  121, 
so  that  the  two  areas  must  not  be  directly  compared.  The  value 
of  the  coercive  force  did  not  in  this  case  exceed  2  units. 

Both  of  these  hysteresis  curves  were  obtained  by  experiment- 
ing with  a  ballastic  galvanometer  after  the  method  illustrated  in 
fig.  1 20,  the  only  difference  being  that  the  specimens  were  in  the 
form  of  long  straight  wires  instead  of  rings,  with  the  coils  wound 
over  the  middle  portion  of  the  wire. 

It  is  interesting  to  note  that  the  soft  iron  specimen  possessed 
a  little  remanent  magnetism,  so  that  the  initial  curve  in  fig.  122 
does  not  start  exactly  at  zero,  but  a  short  distance  above  it. 
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CHAPTER    VIIL 

DYNAMO-ELECTRIC   MACHINES   (ALTERNATE   CURRENT) 

In  the  preceding  chapters  we  have  dealt  with  some  of  the  principal 
laws  of  electric  currents,  and  the  most  striking  phenomena  con- 
nected with  them.  The  student  will  not  have  failed  to  notice 
two  important  facts  :  (i)  That  when  a  wire  through  which  a  cur- 
rent is  passing  in  placed  in  a  certain  position  in  any  electro-mag- 
netic field,  it  has  impressed  upon  it  a  definite  mechanical  force 
tending  to  move  it  into  another  part  or  out  of  the  field ;  and 
(2)  when  a  conductor  is  mechanically  moved  in  a  field  transversely 
to  the  lines  of  force  traversing  that  field,  a  certain  electro-motive 
force  is  determined,  which  sets  up  a  current  in  the  wire  if  its 
two  ends  are  connected.  Extensive  use  is  made  of  both  these 
effects  in  practice,  and  on  a  very  large  scale.  Machines  which  are 
constructed  to  transform  energy  which  exists  in  the  form  of  electric 
cui rents  into  energy  in  the  form  of  mechanical  motion,  and,  con- 
versely, machines  which  are  able  to  transform  energy  in  the  form 
of  mechanical  motion  into  energy  in  the  form  of  electric  currents, 
can  be  included  under  the  generic  head  of  'dynamo-electric 
machinery.' 

We  shall  first  consider  machines  of  the  latter  class,  which  are 
commonly  known  by  the  shorter  name  of  *  dynamos,'  deferring  a 
consideration  of  the  other  class  until  an  opportunity  offers  for 
dealing  with  such  apparatus  under  the  more  generally  adopted 
title  of '  motors.' 

In  every  machine  for  the  conversion  of  energy,  there  is  always 
a  certain  amount  of  loss  attending  the  conversion ;  in  other  words, 
less  energy  appears  in  the  new  than  existed  in  the  original  form. 
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The  more  perfect  the.  machine,  the  less  does  this  loss  become,  so 
that  a  theoretically  perfect  machine  would  be  one  in  which  there 
is  actually  no  loss  at  all.  It  is  absolutely  impossible  to  construct 
such  a  machine,  but  in  every  case  the  chief  aim  of  the  engineer 
should  be  to  make  the  loss  as  small  as  possible,  or  to  make  the 
machine  as  *  efficient '  as  possible.  The  proper  way  of  doing  this 
is  to  start  with  the  fact  established  in  accordance  with  the  doctrine 
of  the  *  conservation  of  energy,'  that  energy  can  never  pass  out  of 
existence  or  be  destroyed  ;  that,  therefore,  the  whole  of  the  energy 
put  into  the  machine  reappears  in  some  shape  or  form,  although 
only  a  part  appears  in  the  exact  state  in  which  it  is  desired.  Steps 
should  then  be  taken  to  ascertain  exactly  what  form  the  other  or 
undesired  part  takes,  and  the  designer  of  the  machine  should 
study  how  to  reduce  that  same  part,  which  may  be  called  *  waste,' 
to  a  minimum.  In  all  machines  which  have  moving  parts,  a  cer- 
tain percentage  of  the  energy  takes  the  form  of  heat,  due  to  fric- 
tion at  the  bearings  and  other  surfaces  which  come  into  contact. 
Every  dynamo  has  moving  parts,  and  is  therefore  subject  to  loss 
from  this  cause,  and  the  well-known  methods  of  reducing  friction 
by  good  workmanship  and  design,  and  the  judicious  use  of  oil  or 
other  lubricant,  are  taken  advantage  of  to  minimise  the  loss.  But 
there  are  many  other  causes  besides  mechanical  friction  which 
operate  to  reduce  the  efficiency  of  a  dynamo ;  they  are  mainly  due 
to  electro-magnetic  phenomena,  and  careful  study  is  required  in 
discovering  how  to  eliminate  or  minimise  them,  although  in  some 
instances  the  loss  may  be  readily  localised,  because,  like  friction, 
these  phenomena  convert  a  certain  amount  of  the  original  energy 
of  mechanical  motion  into  heat.  One  of  the  principal  features, 
then,  by  which  a  dynamo  is  judged  is  its  efficiency,  or  by  the  ratio 
of  the  energy  re-appearing  as  electric  currents  to  the  total  amount 
given  mechanically  to  the  machine. 

We  will  start  with  the  consideration  of  the  simplest  type  of 
dynamo-electric  machine,  and,  observing  its  weak  points,  endeavour 
to  trace  its  development  into  a  practiail  and  highly  efficient  piece 
of  apparatus. 

Now,  it  is  only  during  the  time  that  the  lines  of  force  of  a  field 
are  being  cut  by  a  conductor  that  an  electro-motive  force  is  induced 
in  that  conductor;  therefore,  in   order  to  obtain  a  continuous 
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current,  or  a  very  rapid  succession  of  currents,  it  is  evident  that 
either  the  conductor  or  the  field  must  be  kept  continually  in 
motion.  Let  us  first  study  the  case  of  a  fixed  field  and  a  moving 
wire,  assuming,  for  the  moment,  that  we  have  a  strong  and  fairly 
uniform  field,  produced  by  the  opposite  poles  of  two  large  per- 
manent bar-magnets  placed  near  to  each  other,  or  by  any  other 
convenient  means.  A  uniform  field  has  been  already  defined  to 
be  one  in  which  the  lines  of  force  are  straight,  parallel,  and  equi- 
distant. It  is  not  easy  to  obtain  a  strong  uniform  field  of  any 
great  extent,  so  that  the  most  convenient  way  of  continually  cutting 
lines  of  force  is  to  cause  the  conductor  to  move  in  a  circular  path, 
within  the  limits  of  a  powerful  field  of  comparatively  small  area. 
For  instance,  if  the  wire  is  bent  into  a  single  rectangular  coil,  as 
shown  in  fig.  1 23,  it  may  be  placed  in  the  field  with  its  plane  at  right 

Fig.  123. 
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angles  to  the  direction  of  the  lines  of  force,  so  that  as  many  as  pos- 
sible of  these  lines  are  made  to  pass  through  it.  If,  now,  this  coil 
is  turned  suddenly  through  an  angle  of  90°  about  the  axis  a  b^  its 
plane  lies  parallel  to  the  lines  of  force,  and  it  is  obvious  that  none 
of  them  now  pass  through  the  coil.  In  the  act  of  turning,  both 
the  top  and  the  bottom  limits,  c  </and  ef^  cut  a  certain  number  of 
lines,  setting  up  thereby  an  electro-motive  force  in  the  wire  ;  but 
as  these  two  horizontal  limbs  of  the  rectangle  cut  the  lines  from 
opposite  sides,  the  direction  of  the  resulting  currents  in  them  is 
opposite.  In  the  lower  limb,  e  /  the  direction  is,  during  the 
quarter  of  a  revolution  from  the  position  illustrated,  from  front 
to  back,  and  in  the  upper  one,  c  d^  from  back  to  front.  Both 
currents,  therefore,  pass  round  the  coil  in  the  same  direction.  The 
side  limbs  of  the  rectangle— that  is,  c  e  and  ^/—simply  slide,  or 
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slip,  through  the  lines  of  force,  and  do  not  cut  them  ;  they,  there 
fore,  have  no  current  induced  in  them,  and,  while  adding  to  the 
resistance  of  the  loop,  are  useless,  except  for  the  purpose  of  com- 
pleting the  electrical  circuit.  The  student  may  now,  with  advan- 
tage, again  read  the  paragraph  on  page  242  which  indicates  how 
the  direction  of  an  induced  current  can  in  every  case  be  pre- 
dicted. In  the  present  case  the  lines  of  force  pass  from  left  to  right, 
and  the  number  cut  by  each  limb,  so  far,  is  half  the  total  number 
originally  passing  through  the  rectangle. 

When  the  rectangle  is  turned  through  another  90°,  so  that  the 
limb  which  was  at  first  uppermost  is  now  at  the  bottom,  it  has 
the  maximum  number  of  lines  of  force  suddenly  thrust  through  it 
again  ;  another  induced  current  is  the  result  of  this  second  quarter 
of  a  revolution,  and  as,  during  the  movement,  both  the  horizontal 
limbs  cut  the  lines  from  the  same  side  as  they  did  in  the  first 
movement — that  is  to  say,  the  one  limb  still  cuts  downwards  and 
the  other  still  cuts  upwards— the  direction  of  the  current  is  the 
same  as  that  developed  during  the  first  quarter  of  a  revolution. 
Further,  as  the  number  of  lines  of  force  cut  is  in  each  case  the 
same,  the  induced  e.m.f.  is  also  the  same  for  each  similar  position, 
provided  the  rates  of  moving  are  equal. 

If,  therefore,  the  rectangle  is  rapidly  turned  at  one  sweep  from 
its  original  position  in  fig.  123  through  180°,  a  current  will  be 
induced,  in  the  direction  shown  by  the  arrows,  during  .the  whole 
of  that  movement.  If  the  rotation  is  continued,  on  passing  the 
180®  the  horizontal  limbs  again  begin  to  cut  the  lines  of  force,  but 
they  then  cut  them  from  their  opposite  sides,  or  in  the  opposite 
direction  to  that  during  the  first  half  revolution.  The  resulting 
current  is  therefore  in  the  opposite  direction  to  the  previous  one, 
but  of  precisely  the  same  strength  at  corresponding  points  if  the 
motion  is  uniform.  A  continuous  rapid  rotation  of  the  rectangle, 
then,  will  give  rise  to  a  series  of  currents  alternating  in  direction, 
two  distinct  currents  being  generated  during  each  complete  revo- 
lution, the  reversal  taking  place  every  time  the  rectangle  passes 
the  points  at  which  its  plane  is  at  right  angles  to  the  lines  of  force — 
that  is  to  say,  those  positions  in  which  it  embraces  the  maximum 
number  of  lines  of  force. 

Supposing  both   the  field  and  the   speed  of  rotation  to   be 
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uniform,  the  question  arises  whether  the  e.m.f.  is  also  uniform 
during,  say,  the  whole  time  of  a  half  revolution.  As  the  induced 
E.M.F.  is  proportional  to  the  rate  at  which  the  lines  of  force  are 
cut,  it  is  only  necessary,  in  order  to  decide  this  question,  to  ascer- 
tain whether  the  rate  of  cutting  is,  under  the  circumstances,  also 
uniform.  A  little  reflection  will  show  that  just  when  the  rectangle 
begins  to  move  from  its  position  in  fig.  123  it  is  cutting  hardly 
any  lines  at  all,  but  that  its  horizontal  limbs,  like  the  vertical 
limbs,  are  rather  sliding  along  or  slipping  through  them,  and 
therefore  at  the  beginning  of  the  movement  the  rate  of  cutting, 
and  consequently  the  e.m.f.,  is  comparatively  low*     But  when  the 

rectangle  has  turned  through 
about  90°,  it  is  cutting  the  lines 
almost  at  right  angles  ;  there  is 
practically  no  sliding  whatever, 
and  the  rate  of  cutting,  and  there- 
fore also  the  e.m.f.  produced,  is 
much  greater — it  is,  in  fact,  at  its 
I  maximum.  This  gradually  de- 
creases until,  when  near  the  1 80°, 
the  E.M.F.  is  again  at  a  minimum, 
and  the  reversal  takes  place. 

A  reference  to  fig.  124  will 
make  this  clearer,  a  b  represents 
the  coil  viewed  end  on  in  the 
vertical  position  ;  x  the  axis  o 
rotation,  and  a,  Bj  the  position  of  the  coil  after  it  has  been  turned 
through  30°.  Clearly  the  number  of  lines  cut  by  the  top  limb  of 
the  coil  are  those  enclosed  in  the  space  a  c,  and  by  the  bottom 
limb  those  in  the  equal  space  b  d.  Therefore  the  total  number 
cut  during  this  movement  of  the  coil  through  an  angle  of  30°  from 
zero  may  be  represented  by  the  sum  of  these  two  lines  a  c-f-B  d. 
Now  in  fig.  125,  E  F  represents  the  position  of  the  coil  after  it 
has  been  turned  through  60°  ;  if  from  this  point  it  rotates  through 
another  30°  its  i)osition  is  represented  by  e,  Fj,  and  the  lines  of 
iorce  cut  during  this  movement  embrace  all  those  included  in 
the  space  e  k.  Now  e  k  is  considerably  greater  than  a  c  -|-  b  d, 
and  therefore,  as  the  field  is  uniform,  the  coil  cuts  a  much  greater 
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number  of  lines  of  force  by  moving  through  30°  when  its  plane  is 
nearly  parallel  to  the  direction  of  the  lines,  than  it  does  by 
moving  through  an  equal  angle  while  it  is  nearly  perpendicular 
to  them.  But  as  the  speed  of  rotation  is  uniform,  it  takes  pre- 
cisely the  same  time  to  pass  through  these  equal  angles,  therefore 
the  rate  of  cutting,  and  consequently  the  e.m.f.,  must  be  much 
greater  in  the  former  than  in  the  latter  case.  In  fact,  the  rate  at 
any  moment  is  proportional  to  the  sine  of  the  angle  through  which 
the  coil  has  then  moved  from  the  vertical  position. 

We  have  defined  a  magnetic  field  of  unit  strength  to  be  one 
having  one  c.c.s.  line  of  force  per  square  centimetre,  and  if  a 
conductor  one  centimetre  in  length  is  moved  transversely  through 
this  field  at  a  velocity  of  one 
centimetre  per  second,  it  will 
cut  one  line  of  force  per 
second,  and  thereby  develop 
one  c.c.s.  unit  of  electro- 
motive force.  If  the  strength 
of  field,  the  velocity,  or  the 
length  of  wire  be  doubled, 
the  resulting  E.M.r.  will  be 
doubled,  the  number  of  lines 
cut  per  second  being  increased 
twofold.  If,  however,  we  sim- 
ply know  the  number  of  lines 
of  force  cut  per  second,  the 
E.M.F.  can  be  calculated  without  any  consideration  as  to  the  length 
of  conductor  or  as  to  strength  of  field. 

If  the  field  is  not  uniform,  or  if  the  wire  moves  at  a  varying 
speed,  the  rate  of  cutting,  and  therefore  the  e.m.f.,  will  fluctuate. 
But  the  average  of  this  fluctuating  e.m.f.  will  be  equal  to  the 
average  rate  of  cutting,  that  is  to  say,  it  can  be  found  by  dividing 
the  whole  number  of  lines  cut  by  a  conductor  by  the  time  in 
seconds  occupied  in  the  cutting.  If,  therefore,  the  rectangle  in 
fig.  123  makes  one  revolution  per  second,  and  the  maximum 
number  of  lines  of  force  embraced  by  it  in  the  zero  position  is 
denoted  by  n,  then  each  limb  will  cut  2  n  lines  per  second,  ' 
because  it  cuts  every  line  during  the  downward  sweep,  and  again 
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during  the  upward  movement  Consequently  each  limb  develops 
an  average  e.m.f.  of  2  n  c.g.s.  units,  and  as  both  limbs  are  con- 
nected in  series  the  total  k.m.f.  becomes  4  n  units.  Further,  if 
the  rectangle  makes  n  revolutions  per  second  instead  of  only  one, 
then  n  times  as  many  lines  will  be  cut  per  second,  and  the  average 
E.M.F.  will  be  4  N  «  units.  But  since  the  c.g.s.  unit  of  electro- 
motive force  is  so  very  small,  a  much  greater  practical  unit,  called 
the  volt,  equal  to  100,000,000  c.c.s.  units,  is  employed.  All  results 
obtained  in  c.g.s.  measure  must,  therefore,  be  divided  by  this 
number  to  give  the  value  in  volts,  and  the  simple  equation  may 
be  written, 

J.  \  /I 
average  e.m.f.  =    -  **  '  volts. 

100,000,000 

It  may  be  mentioned  that  the  value  of  n  is,  in  actual  machines, 
very  high,  being,  as  a  rule,  several  millions. 

In  practice,  it  is  this  average  e.m.f.  which  in  such  a  case  con- 
cerns us  most ;  but  we  may  observe  that  if  the  rectangle  were 
rotated  at  a  constant  speed  in  a  uniform  field,  the  actual  e.m.f. 
being  developed  at  any  moment  when  it  had  moved  through  an 
angle  a  from  the  zero  position  would  be 

2?rsinrtN«      u 
E  =  volts. 

100,000,000 

The  above  refers  to  the  case  of  two  active  wires,  forming  limbs 
of  a  rectangle  and  joined  up  in  series  in  a  manner  such  as  that 
illustrated  in  fig.  123,  when  the  e.m.f.  of  one  is  added  to  that  of  the 
other.  The  resulting  e.m.f.  is,  as  we  have  already  seen,  twice  that 
developed  by  one  active  limb ;  and  if  the  wire  were  wound  in  a 
number  of  convolutions,  it  w^ould  be  necessary  to  multiply  by  the 
number  of  active  limbs  then  joined  in  series  (instead  of  by  2,  as 
in  the  present  case)  to  obtain  the  total  e.m.f. 

The  function  above  referred  to  as  the  *  sine '  is  one  with  which 
the  student  will  frequently  come  in  contact.  Perhaps,  therefore, 
it  will  now  be  as  well  to  e.xplain  briefly  what  is  meant  by  the  sine 
of  an  angle.  If  in  one  of  the  two  straight  lines  which  contain  any 
angle,  such  as  e  x  r  in  fig.  125,  any  point,  say  e,  is  taken,  and 
from  it  a  line  e  r  is  drawn  perpendicular  to  the  other  line,  a 
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right-angled  triangle,  e  x  r,  is  formed.  The  length  of  the  per- 
pendicular E  R  divided  by  the  length  of  the  hypotenuse  e  x,  that 

E  R 

is,     — ,  is  a  definite  value,  no  matter  what  the  area  of  the  right- 

E  X 

angled  triangle  may  be,  provided  only  that  the  angle  e  x  r  is  un- 

E  R 

altered.     And  this  ratio  -  —   is  called  the  sine  of  the  ancle  e  x  r. 
EX  ° 

The  sine  of  any  other  angle  is  similarly  measured  ;  for  instance, 

A     P 

in  fig.  124  -'      is  the  sine  of  the  angle  a,  x  p.     Again,  in  the  same 

A|  X 

figure,  ^^^  is  the  sine  of  the  angle  a,xc,  and  in  fig.  125,  -- 

Ai  X  EX 

is  the  sine  of  the  angle  e  x  g.  If  we  always  choose  the  same 
length  of  line  for  the  denominator,  as  will  be  the  case  if  it  forms 
the  radius  of  the  same  or  equal  circles,  as  e  x  and  Aj  x,  and  con- 
sider it  to  be  equal  to  unity,  then  the  sine  is  simply  measured  by 
the  numerator  e  r  or  Aj  p,  that  is,  by  the  length  of  the  perpen- 
dicular. When  the  angle  becomes  very  small,  the  perpendicular, 
and  therefore  the  value  of  the  sine  also,  becomes  very  small ;  in 
the  case  of  the  imaginary  angle  0°  the  perpendicular  disappears, 
and  the  sine  of  0°  is  then  o.  When  the  angle  is  90°  the  perpen- 
dicular coincides  with  and  is  equal  to  the  radius.  The  sine  of  90° 
is  therefore  i,  and  this  is  the  highest  possible  value  of  the  sine. 
It  decreases  as  the  angle  further  increases,  until,  at  180°,  its  value 
is  again  o.  From  here  it  is  reckoned  as  negative,  the  sine  of  270° 
being  —  i.  By  referring  to  a  table  such  as  that  on  p.  100  the 
value  of  the  sine  of  any  angle  can  readily  be  found,  and  we  can, 
therefore,  calculate  the  relative  value  of  the  e.m.f.  at  any  position 
of  the  rectangle,  and  also  show  diagramatically  how  the  e.m.f. 
should  rise  and  fall  in  a  perfectly  uniform  field. 

In  fig.  1 26  the  portion  a  f  of  the  horizonal  line  ab  represents 
a  circle  straightened  out,  each  of  the  four  equal  parts  into  which  it 
(a  f)  is  divided  being  equivalent  to  90° — that  is,  a  quarter  of  a 
revolution  of  the  rectangle.  Similarly,  this  line  a  f  might  be  sub- 
divided into  360  parts  to  represent  the  360  degrees,  and  any  point 
along  it  could  then  be  taken  to  denote  the  position  of  the  rect- 
angle when  turned  through  a  corresponding  angle  from  zero.  Now 
we  h^v^  observed  that  th^  e;.m,f,  at  any  point  is  proportional  \q 
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the  sine  of  the  angle  through  which  the  coil  has  then  turned  from 
zero  ;  and  it  is  convenient  to  take  a  number  of  points  along  this 
line,  and  at  each  of  them  erect  a  perpendicular  proportional  in 
length  to  the  sine  of  the  angle  which  that  particular  point  repre- 
sents. During  that  half  of  the  revolution  in  which  the  sines  are 
reckoned  as  minus— that  is  to  say,  from  i8o°  to  360°— the  perpen- 
diculars should  be  drawn  below  the  line,  indicating  the  reverse 
direction  of  the  e.m.f.  and  current.  For  instance,  at  90°  the  sine 
will  have  the  greatest  value,  viz.  unity,  while  at  45°  the  perpen- 
dicular will  be  only  0707,  of  that  at  90°,  because  the  sine  of  45° 
is  0707  ;  at  270°  the  sine  is  —  i,  and  therefore  the  perpendicular 
equal  in  length  to  unity  is  drawn  below  the  line. 

By  joining  the  extremities  of  these  perpendiculars  we  obtain 
a  curve  known  as  a  sine  curve,  which  at  a  glance  indicates  the 

Fig.  126. 
C  


manner  in  which  the  e.m.f.  rises  and  falls  during  one  complete 
revolution  of  a  simple  coil ;  and  the  whole  of  the  curve  from  a  to 
B  shows  the  fluctuation  of  the  e.m.f.  during  two  revolutions. 

If  in  fig.  125,  E  X  is  taken  as  unity,  it  may  represent  the  height 
of  c  or  E,  the  highest  points  on  the  sine  curve,  and  then  e  g  will 
be  the  length  of  the  perpendicular  representing  the  electro-motive 
force  at  60°,  for  e  g  is  the  sine  of  the  angle  e  x  g,  which  is  the 
angle  (60°)  through  which  the  coil  has  turned  from  the  vertical 
position.  Similarly,  a,  c  (fig.  124)  will  represent  the  e.m.f.  de- 
veloped when  the  coil  has  turned  through  30°,  for  AjC  is  the  sine 
of  that  angle. 

The  curve  (fig.  126)  shows  that  the  e.m.f.  at  90°  is  equal  to 
that  at  270**,  but  that  it  is  positive  in  the  on^  case  and  negative  in 
th^  oth^r, 
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Referring  again  to  figs.  124  and  125,  we  observe  that  the 
*  effective  area '  of  the  coil,  with  respect  to  the  lines  of  force  which 
it  embraces  in  the  position  A|  Bj,  is  proportional  to  Aj  l,  and  in 
the  position  e  f  to  e  k — that  is,  a,  l  and  e  k  are  proportional  to 
the  number  of  lines  of  force  passing  through  the  coil  in  the  two 

positions.     Now,     ^       is  the  cosine  of  the  angle  through  which 

A,    Bi 

the  coil  has  already  rotated  (for  the  angles  a,  x  a  and  pa,  x  are 
equal),  or  again  it  is  the  sine  of  the  angle  which  the  coil  makes 

with  the  direction  of  the  lines  of  force  ;  as  is  also  ^-   -.  Taking, 

•  E  F 

for  simplicity,  the  equal  lengths  Aj  Bi  and  e  f  as  unity,  we  see 
that  the  number  of  lines  of  force  passing  through  the  coil  in  any 
position  in  a  uniform  field  is  proportional  to  the  cosine  of  the 
angle  through  which  it  has  been  turned  from  its  position  at  right 
angles  to  those  lines,  and  also  to  the  sine  of  the  angle  which  it 
makes  with  the  lines  of  force. 

Currents  which  rise  and  fall  in  strength  and  change  in  direction 
in  the  manner  indicated  by  the  curve  in  fig.  1 26  are  known  as 
alternating  currents,  and  a  complete  cycle  as  represented  by  the 
curve  A  c  D  e  F  is  referred  to  as  an  alternation.  For  example, 
when  the  rate  of  alternation  of  a  current  is  said  to  be  100  per 
second,  it  must  be  understood  that  the  current  rises  from  zero  to 
a  positive  maximum,  falls  to  zero  again,  and  reaches  a  negative 
maximum,  and  again  returns  to  zero,  100  times  per  second. 

If,  however,  a  rectangle  or  coil  closed  upon  itself  similarly  to 
that  shown  in  fig.  123  were  employed,  no  useful  work  could  be 
done,  as  the  currents  generated  would  simply  circulate  round  the 
rectangle  and  be  wasted  in  heating  it.  In  practice  we  require  to 
add  to  the  rectangle  some  device  which  will  enable  us  to  lead  the 
currents  away  to  an  external  circuit  and  there  make  use  of  them. 
The  rectangle  might,  for  this  purpose,  be  mounted  on  a  wooden 
spindle  (fig.  127),  and  its  ends  connected  to  two  flat  metal  rings, 
H  L,  fixed  a  little  distance  apart  on  the  spindle,  contact  being  then 
made  by  means  of  a  flat  spring,  or  a  wire  brush,  pressing  against 
each  of  the  rings.  On  rotating  the  spindle  or  shaft,  the  rectangle 
and  rings  would  turn  with  it,  and  with  a  moderate  amount  of  pres- 
sure the  brushes  would  mcike  good  electrical  contact  with  th^ 
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rings,  the^rfaces  being  kept  clean  by  the  rubbing.  The  contact 
brushes  being  fixed,  it  is  easy  to  attach  wires  to  them,  and  thus 
conduct  the  currents  away  to  any  desired  point. 

It  remains  now  to  show  to  what  extent  in  practice  we  can 
comply  with  the  conditions  which  theory  teaches  us  should  be 
followed  if  we  wish  to  obtain  a  high  electro- motive  force.  In  the 
first  place,  we  must  make  the  value  of  n  high— that  is  to  say,  the 
number  of  lines  of  force  embraced  and  cut  by  the  coil  should  be 
as  great  as  the  circumstances  will  permit.  For  a  very  small 
machine,  permanent  magnets  may  be  used  to  supply  the  field, 
and  for  this  purpose  a  horse-shoe  magnet  is  found  to  be  very 
convenient,  but  it  should  be  bored  out,  or  fitted  with  soft  iron 
cheeks,  of  such  a  shape  that  there  is  just  sufficient  room  for  the 
wire  coil  to  rotate  between  them.     The  steel  should  be  strongly 

Fig.  127. 


magnetised,  and,  if  of  considerable  size,  it  should  be  laminated, 
or  built  up,  of  a  number  of  thin  magnets  with  their  like  poles 
adjacent.  A  circular  magnet  (fig.  128),  divided  at  one  part  of  the 
circle,  and  with  just  sufficient  space  bored  out  for  the  coil  to  rotate, 
is  somewhat  better  than  one  of  the  ordinary  horse-shoe  pattern, 
although  not  so  easy  to  make.  Having  obtained  the  magnetic 
field,  the  next  thing  is  to  get  as  many  as  possible  of  the  lines  of 
force  to  pass  through  the  coil  of  wire.  Iron  here  comes  to  our 
assistance  once  more,  for,  by  winding  the  rectangle  round  a  core 
of  pure  soft  iron,  we  concentrate  those  lines  which  would  other- 
wise stray,  and  the  number  passing  through  and  embraced  by  the 
rectangle  is  greatly  increased.  It  is  almost  superfluous  to  add  that 
the  actual  area  of  the  rectangle  should  be  as  great  as  practicable, 
provided  that  it  is  kept  within  thQ  limits  of  the  field,  and  since,  ^3 
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we  have  seen,  the  induced  e.m.f.  is  proportional  to  the  number  of 
active  conductors  joined  in  series,  the  wire  may  with  advantage  be 
wound  into  a  coil  consisting  of  a  number  of  turns  instead  of  only 
one.  Any  coil  of  wire  in  which  currents  are  induced  by  its  move- 
ment within  a  magnetic  field  is  generally  called  an  '  armature,' 
and  the  iron  round  which  the  wire  is  coiled  is  known  as  the 
*  armature  core.'  The  core  of  one  of  the  earliest  forms  of  arma- 
ture is  shown  in  section  at  a,  between  the  poles  of  the  circular 
magnet  f,  in  fig.  128,  and  although,  when  criticised  in  the  light  of 
our  present  knowledge,  the  design  proves  to  be  very  faulty,  it  will 
serve  very  well  to  illustrate  the  principle.  The  armature  in  this  case 
consists  of  a  considerable  length  of  silk-  or  cotton -covered  copper 
wire,  wound  in  the  grooves  of  the  y^^  ,j,g 

shuttle-shaped  piece  of  soft  iron,  a, 
which  is  usually  about  twice  as  long 
as  its  greatest  width.  It  is  provided 
at  one  end  with  a  driving-pulley, 
and  at  the  other  end  with  a  device, 
similar  to  that  shown  in  fig.  127,  for 
communicating  the  current  to  the 
external  circuit.  It  will  be  seen 
that  whenever  the  armature  comes 
into  the  position  shown  in  the  figure 
the  magnetic  circuit  is  a  fairly  good 
one,  the  air-gaps  between  the  pole- 
faces  of  the  permanent  magnet  and  the  surface  of  the  core  not 
l)eing  very  great,  and  the  coil  wound  in  the  grooves  of  the  shuttle 
will  embrace  a  considerable  proportion  of  the  lines  of  force  produced 
by  the  magnet.  Good  effects  can  therefore  be  obtained  by  rotating 
such  an  armature  if  the  magnet  employed  is  a  powerful  one.  The 
speed  of  rotation  must  be  high,  but  this  can  readily  be  obtained 
by  any  mechanical  multiplying  device,  such  as  a  pulley  of  large 
diameter  driving  a  smaller  one  on  the  armature  spindle. 

Although  the  e.m.f.  increases  with  the  number  of  turns  of 
wire  on  the  armature,  it  is  found  that  this  increase  is  not  by  any 
means  proportional,  especially  when  the  speed  of  rotation  becomes 
very  high.  One  important  reason  is  because  the  conditions  are 
very  favourable  for  the  *  self-induction '  of  the  armatyre  to  mak^ 
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itself  evident.  We  have  already  seen  that  this  effect  becomes 
very  marked  with  rapidly  varying  or  alternating  currents,  and 
since,  also,  it  increases  with  the  square  of  the  number  of  turns  of 
wire,  it  is  obvious  that  the  number  cannot  he  indefinitely  increased 
with  any  prospect  of  satisfactor)'  results.  The  increase  of  resist- 
ance, though  not  in  itself  such  an  important  matter,  also  limits 
the  length  of  the  wire.  It  is,  therefore,  preferable  to  endeavour 
to  increase  the  strength  of  the  field  and  the  length  of  the  active 
limbs  of  the  coil  rather  than  the  number  of  turns. 

That  the  design  of  the  shuttle  armature  is  faulty  may  easily  be 
proved,  for,  after  being  rotated  for  a  little  time,  the  iron  shuttle  or 
core  gets  quite  warm,  even  though  the  armature  coil  may  be  dis- 
connected or  removed  entirely.  Now,  this  heat,  so  developed, 
represents  a  definite  fraction  of  the  energy  expended  in  rotating 
the  armature,  which,  as  it  does  not  reappear  as  electricity  available 
for  use,  is  to  all  intents  and  purposes  wasted.  It  is  an  interesting 
(act  that  whenever  a  mass  of  metal  is  rapidly  rotated  in  a  magnetic 
field  its  temperature  rises,  the  heat  being  the  direct  result  of 
currents  of  electricity  which  are  induced  in  the  metal,  and  which 
are  known  as  *eddy '  or  Foucault  currents.  Their  initial  direction 
is  at  right  angles  to  the  lines  of  force  of  the  magnetic  field,  and 
also  at  right  angles  to  the  direction  in  which  the  mass  moves  ; 
therefore,  in  the  shuttle  armature,  they  travel  lengthways  along 
the  iron  core,  completing  their  circuit  in  a  more  or  less  circular 
path  in  the  iron  (whence  they  gain  the  name  of  *  eddy  *  currents), 
and  they  follow  the  general  law  in  reacting  upon  the  field  in  which 
they  are  produced,  in  such  a  manner  as  to  tend  to  stop  the  motion 
of  the  moving  body.  The  e.m.f.  of  these  currents  is  not  high, 
but  as  the  mass  of  the  metal  is  great,  and  its  resistance  therefore 
small,  the  currents  are  sufficiently  strong  to  considerably  raise  the 
temperature  of  the  metal.  In  fact,  it  is  possible  to  melt  a  piece 
of  a  metal  which  fuses  at  a  low  temperature,  by  simply  spinning  it 
rapidly  in  a  very  strong  field. 

It  is  evident  that  such  a  certain  sign  as  this,  that  energy  is 
being  wasted,  must  not  be  ignored,  and,  since  we  cannot  stop  the 
tendency  for  the  currents  to  be  produced,  the  only  alternative  is  to 
put  difficulties  in  the  way  of  their  production. 

In  the  case  in  question,  the  best  method  is  to  *  laminate '  th^ 
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armature,  or  to  build  it  up  with  a  number  of  small  discs  cut  to  the 
required  shape  and  bolted  together,  instead  of  using  a  solid  piece 
of  iron.  The  iron  must  be  continuous  in  the  direction  in  which 
the  lines  of  force  developed  by  the  field-magnets  have  to  pass 
through  it,  otherwise  the  efficacy  of  its  action  in  concentrating 
these  lines  would  be  seriously  impaired  ;  while  it  must  be  discon- 
tinuous in  the  direction  in  which  the  eddy  currents  tend  to  flow, 
viz.  at  right  angles  to  the  lines  of  force.  To  meet  these  require- 
ments the  discs  threaded  on  the  spindle  must  be  well  insulated 
one  from  another,  although,  on  account  of  the  low  e.m.f.,  a  sheet 
of  thin  paper  or  a  layer  of  varnish  is,  as  a  rule,  sufficient.  It  is 
hardly  necessary  to  adopt  this  precaution  in  the  kind  of  machine 
we  have  been  considering,  which  is  very  small,  and  only  made  to 
be  driven  by  hand-power,  but  it  becomes  absolutely  necessary,  as 
well  as  economical,  in  the  larger  machines  driven  by  steam-power. 
At  first  sight  it  would  appear,  remembering  that  the  e.m.f. 
developed  in  the  armature  coil  varies  as  the  rate  at  which  the 
lines  of  force  are  cut,  that  the  e.m.f.  of  a  magneto-electric  machine 
should  be  simply  proportional  to  the  speed  of  rotation,  the  strength 
of  the  field  being  invariable.  But  there  are  several  causes  which 
tend  to  prevent  the  increase  of  the  e.m.f.  developed  by  the 
augmentation  of  speed  attaining  this  proportion,  the  principal 
being  the  eddy  currents  produced  in  the  core,  the  electro-magnetic 
reaction  of  the  current  in  the  armature  upon  the  field  produced 
by  the  field-magnets,  and  the  self-induction  of  the  armature.  It 
is  important  to  notice  that  when  a  current  is  flowing  round  the 
armature  coil  the  whole  armature  is  in  reality  an  electro- magnet, 
and  it  acts  as  such  upon  the  poles  of  the  permanent  horse- shoe 
magnet  which  supplies  the  field,  this  reaction,  as  in  every  similar 
case,  tending  to  stop  the  motion  of  the  armature.  If,  however, 
the  armature  is  forcibly  rotated  against  this  tendency,  the  result  is 
that  the  magnetic  field  is  distorted  and  dragged  somewhat  out  of 
its  true  position,  and,  as  the  current  in  the  armature  rapidly 
alternates  from  zero  to  a  maximum,  this  dragging  effect  will  also 
vary  considerably,  with  the  result  that  the  field  will  be  kept  in  a 
state  of  oscillation  and  its  uniformity  destroyed.  The  maximum 
current  in  the  armature  becomes  higher  as  the  speed  is  increased, 
if  th<j  external  r^sistancQ  is  constant,  and  the  distortion  of  the  fi^lcj 
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is  then  greater,  the  result  being  a  tendency  to  prevent  the  e.m.f. 
rising  in  proportion  to  the  speed.  Furthermore,  as  the  iron  core 
has  a  greater  number  of  lines  of  force  due  to  the  current  passing 
through  it  when  the  current  increases,  its  permeability  may  also 
become  appreciably  lower,  and  fewer  lines  of  force  due  to  the 
permanent  magnet  may  then  pass  through  the  core  and  be  cut 
by  the  active  conductors  of  the  coil. 

Besides  the  waste  due  to  eddy  currents,  which  increases  very 
rapidly  with  the  speed,  the  effect  of  the  self-induction  of  the  arma- 
ture also  becomes  strongly  marked,  retarding  the  rise  and  fall  of 
the  current.  In  fact,  were  we  able  to  plot  a  curve  showing  the 
rise  and  fall  of  a  currrent  in  this  shuttle  armature,  we  should  find  it 
somewhat  similar  to  that  given  in  fig.  126,  for  the  rise  and  fall  of 
the  electro-motive  force,  but  with  the  important  difference  that  it 
would  be  shifted  more  or  less  to  the  right,  its  maxima  and  minima 
being  less  in  value  and  occurring  later  than  would  be  the  case  if 
the  armature  had  little  or  no  self-induction.  Owing  to  the  fact 
that  it  is  not  possible  to  construct  a  practical  armature  with 
as  little  self-induction  as  the  single  rectangle,  or  to  make  its 
active  limbs  cut  the  lines  of  force  of  a  uniform  field  in  such  a 
regular  manner  as  is  done  by  our  experimental  rectangle,  we  do 
not  in  practice  obtain  a  perfect  sine  curve  for  the  e.m.f.  curve  of 
any  armature,  but  only  an  approximation  thereto.  The  approxi- 
mation is,  however,  a  very  close  one  in  the  case  of  some  machines 
in  which  the  field  is  very  powerful,  and  in  which  no  iron  core  is 
used  in  the  armature. 

We  shall  presently  be  better  able  to  consider  the  reaction  on 
the  field  in  connection  with  a  different  type  of  armature,  but  we 
may  here  remark  that  it  is  one  of  the  most  important  points  to 
be  borne  in  mind  in  deciding  how  a  more  powerful  and  efficient 
machine  can  be  obtained. 

Now,  if  we  wish  to  obtain  in  any  given  case  an  increase  in  the 
value  of  the  electro-motive  force  obtained,  there  are  four  methods 
available. 

1.  By  increasing  the  speed  of  rotation. 

2.  By  increasing  the  number  of  turns  of  wire  in  the  armature, 
thus  increasing  the  number  of  active  limbs  joined  in  series,  which 
cut  the  lines  of  forge.    This  method,  as  already  pointed  out,  adds 
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not  only  to  the  resistance,  but  also  to  the"  self-induction  of  the 
armature. 

3.  By  increasing  the  area  of  the  armature  coils,  or  by  making 
the  core  more  massive,  for  in  either  case  the  number  of  lines  of 
force  cut  by  the  coil  is,  within  cfertain  limits,  increased. 

4.  By  increasing  the  strength  of  the  field. 

The  last-named  method  is  the  freest  from  objections,  and  it 
has  the  all-important  advantage  that,  the  stronger  the  fixed  field  is, 
as  compared  with  that  developed  by  the  armature,  the  less  is  the 
reaction  and  consequent  distortion  of  the  field. 

The  necessity  for  a  strong  field  is  so  apparent  that  powerful 
electro-magnets  are  now  usually  employed,  but,  as  might  be 
expected,  in  all  the  early  efibrts  to  construct  a  dynamo-electric 
machine,  the  field  was  obtained  by  means  of  permanent  magnets. 
But  the  method  of  cutting  the  *  armature'  wires  by  lines  of  force 
was  not  by  any  means  restricted  to  the  rotation  of  the  armature  in 
the  field.  One  very  interesting  method  was  applied  by  Wheat- 
stone,  and  is  still  largely  employed  to  generate  short  intermittent 
and  comparatively  feeble  currents.  The  wire  in  which  the  cur- 
rents are  generated  is  wound  on,  let  us  say,  two  bobbins  which  are 
fitted  with  soft  iron  cores,  and  fixed  one  on  each  pole  of  a  power- 
ful permanent  steel  horse-shoe  magnet.  Many  of  the  lines  of 
force  due  to  this  steel  magnet  pass  through  the  soft  iron  cores,  and, 
in  the  absence  of  a  keeper  or  armature,  complete  the  magnetic 
circuit  across  the  air-space  at  the  top  in  the  well-known  curved 
form,  but  no  current  is  generated  in  the  wire  while  they  are 
undisturbed.  When,  however,  a  soft  iron  armature  is  placed  across 
the  ends  of  the  cores  and  very  near  to  them,  a  great  many  of  the 
lines  of  force  rearrange  themselves  and  pass  through  this  soft  iron 
armature.  These  lines,  in  moving  to  their  new  positions,  cut  the 
convolutions  of  the  coils  and  generate  therein  an  electro-motive 
force  which,  if  the  circuit  is  completed,  gives  rise  to  a  momentary 
current.  When  the  armature  is  entir<:ly  removed  the  original 
arrangement  is  re-established,  and  the  cutting  which  then  takes 
place  also  generates  a  momentary  current,  but  in  the  opposite 
direction  to  the  previous  one.  The  most  convenient  way  of  rapidly 
shifting  the  soft  iron  armature  is  to  mount  it  on  a  spindle  and  rotate 
it  before  the  ends  of  the  cores  which  project  through  the  coils. 
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Hitherto  no  large  machines  built  upon  the  foregoing  principle 
have  been  practically  used,  and  this  is,  perhaps,  surprising,  as  the 
advantages  due  to  the  simplicity  of  construction  are  many  and 
important.  The  only  moving  part  of  the  apparatus  is  a  mass  of 
iron  which,  if  truly  balanced,  can  be  rotated  at  a  very  high  speed 
without  involving  any  mechanical  difficulties,  and  as  the  coils  are 
fixed,  connection  between  them  and  any  external  circuit  can  easily 
be  made.  Mr.  W.  M.  Mordey  has,  however,  described  several 
methods  of  applying  this  principle  to  large  machines,  and  he  has 
constructed  a  model  of  one  form  which  certainly  appears  to  be  of 
a  simple  and  practical  character. 

The  armature  and  field  coils  are  each  wound  in  the  form  of 
a  ring  of  rectangular  section,  the  former  being  of  larger  diameter 
than  the  latter,  and  they  are  placed  concentrically,  with  the  field 
coil  inside  the  armature  coil.  A  number  of  pieces  of  iron  are 
placed  in  such  a  manner  that  the  rotation  of  an  iron  keeper  causes 
many  of  the  lines  of  force  at  one  moment  to  embrace  both  arma- 
ture and  field  coils,  and  at  the  next  moment  to  pass  round  the 
field  coil  only ;  and  as  these  lines,  during  their  movement  from 
one  position  to  the  other,  cut  the  armature  coil  transversely,  alter- 
nating currents  are  induced  in  that  coil. 

The  principle  may  be  more  easily  grasped  by  a  consideration 
of  the  arrangement  illustrated  in  fig.  129,  in  which  ff  show  the 
field  coil  in  section  at  two  points  at  opposite  extremities  of  a 
diameter,  and  a  a  show  sections  through  two  similar  points  of 
the  armature  coil,  b  is  a  mass  of  iron  which  embraces  both  the 
armature  and  field  coils  on  three  sides,  while  h  is  a  piece,  equal 
in  cross-section  but  having  shorter  limbs,  which  embraces  the 
field  coil  only  on  three  sides,  the  armature  coil  being  placed  out- 
side the  yoke,  p  is  a  keeper  carried  by  the  shaft,  s,  which  can  be 
rotated  rapidly,  the  shaft  being  at  the  centre  of  the  two  circular 
coils,  F  F  and  a  a. 

If  a  powerful  current  is  sent  through  the  field  coil  f  f,  a  large 
number  of  lines  of  force  will  be  developed,  and  their  arrange- 
ment will  largely  depend  upon  the  iron  pieces,  h  and  b,  but 
more  especially  upon  the  position  of  the  keeper  p  with  respect 
to  H  and  B. 

When  P  is  situated  as  shown  in  .the  figure  it  forms  with  b  ai> 
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Fig.  129. 


almost  complete  magnetic  circuit  of  low  magnetic  resistance  round 
both  coils  A  and  f,  and  nearly  the  whole  of  the  lines  generated  by 
the  field  coil  in  the  vicinity  of  this  iron  circuit  will  also  embrace 
the  armature  coil.  In  springing  into  this  position  (shown  by  the 
dotted  line),  the  lines  cut  the  armature  coil  transversely  from  the 
inner  side,  and  give  rise  to  a  current,  depending  in  e.m.f.  upon 
the  number  of  lines  and  the  rapidity  with  which  their  position  is 
changed.  When  the  keeper  is 
moved  away  there  is  a  considerable 
air  gap,  offering  a  high  magnetic 
resistance  at  the  ends  of  the  limbs 
of  B,  and  consequently  many  of 
the  lines  of  force  collapse  upon 
the  coil  F,  cutting  the  armature 
from  the  outside  as  they  pass  into 
their  new  positions  and  generating 
an  E.M.F.  in  the  opposite  direction 
to  the  previous  one.  Not  only  is 
the  magnetic  resistance  of  the  path 
round  the  two  coils  made  greater 
by  the  removal  of  p  from  the  posi- 
tion indicated  in  the  figure,  but  as 
p  rotates  it  reaches  a  position  where 
it  acts  as  a  keeper  to  the  iron 
piece  H,  which  embraces  the  field 
coil  only,  so  that  an  almost  com- 
plete magnetic  circuit  is  then  formed 
round  the  field  coil,  and  nearly  the 
whole  of  the  lines  of  force  pass 
through  H  and  p  and  very  lew  ex- 
tend round  a.  Therefore,  if  the  keeper  p  is  rapidly  rotated,  the 
armature  coil  will  be  cut  by  a  number  of  lines  of  force  as  they  take 
up  new  positions,  first  outside  and  then  inside  it.  It  is  evident, 
however,  that,  with  such  a  simple  arrangement  as  that  shown  in 
fig.  129,  it  would  not  be  possible  to  make  all  the  lines  of  force 
developed  by  the  field  coil  take  either  the  one  path  or  the  other, 
many  of  those  surrounding  the  coil  at  a  distance  from  the  fixed 
iron  pieces  being  but  little  affected  by  the  movement  of  the  keeper, 
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but  in  designing  an  actual  machine  care  would  be  taken  to  so 
dispose  the  iron  that  most  of  the  lines  of  force  would  be  in- 
fluenced. 

In  Mr.  Mordey's  machine  there  are  four  iron  pieces  similar  to 
B,  embracing  both  armature  and  field  coils,  placed  90°  from  each 
other  as  shown  in  fig.  1 30.  Between  these  are  placed  four  shorter 
pieces  similar  to  h,  outside  the  field  but  inside  the  armature  wire. 

The  lower  half  of  fig.  130  is  shown  in  section;  fi^.  131  is  also 
in  section,  the  upper  half  from  a  to  the  centre  of  the  shaft,  and 

Fig.  130.  Fig.  131. 


Section  through  CD  Section  through  A  B 

the  lower  half  from  the  centre  of  the  shaft  to  r>,  so  as  to  obtain  a 
section  through  both  a  short  and  a  long  iron  limb.  The  mass  of 
cast-iron  which  plays  the  part  of  a  keeper  may  be  described  as  a 
cylinder  having  four  deep  sector- shaped  notches  cut  at  each  end. 
If  viewed  end -on,  a  section  near  one  extremity  would  be  in  the 
form  of  a  cross,  while  a  section  through  the  middle  would  be 
circular.  In  the  figures  each  arm  of  the  cross  is  shown  as  forming 
a  keeper  to  one  of  the  smaller  iron  pieces  embracing  the  inner  or 
field  coil  only,  and  consequently  few  of  the  lines  developed  by  the 
field  coil  extend  round  the  armature  coil.     In  the  lower  part  of 
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fig.  131  the  deep  notches  are  opposite  the  iron  pieces  which 
embrace  both  coils,  forming  a  great  break  in  the  magnetic  circuit, 
and  this  is  also  shown  in  fig.  130.  On  rotating  through  an  angle 
of  45°,  however,  the  keeper  completes  the  various  magnetic  cir- 
cuits in  such  a  manner  that  most  of  the  lines  of  force  extend 
round  both  coils.  These  two  alternate  conditions  succeed  one 
another  rapidly  as  the  keeper  continuously  revolves.    As  the  lines 

Fig.  132. 


of  force  are  rapidly  carried  backward  and  forward  past  the  arma- 
ture coil,  they  generate  therein  the  desired  currents,  but  they  also 
give  rise  to  eddy  currents  in  the  masses  of  iron  through  which 
they  are  projected.  The  direction  in  which  these  eddy  currents 
would  be  set  up  is  parallel  to  the  currents  in  the  armature  core, 
and  therefore  the  masses  of  iron  should  be  laminated  so  as  to  give 
discontinuity  in  this  direction,  while  continuity  is  retaicxed  in  the 

X 

Digitized  by  VjOOQIC 


274  Electrical  Engineering  chap.  vm. 

path  of  the  lines  of  force.  Consequently  the  iron  should  be 
built  up  of  a  number  of  thin  U-shaped  sheets,  insulated  and  bolted 
together.  One  advantage  pertaining  to  such  a  machine  is  that, 
since  neither  the  armature  nor  the  field  coils  rotate,  there  is  no 
special  device  needed,  and  no  difficulty  whatever  in  collecting  the 
currents  from  the  armature  or  in  passing  a  current  of  the  desired 
strength  through  the  field  coil. 

Machines  in  which  steel  magnets  are  employed  for  producing 
the  field  are  often  called  magneto-electric  machines  or  generators, 
and  are  sometimes  regarded  as  a  class  altogether  distinct  from 

Fig.  133. 


machines  in  which  the  field  is  developed  by  one  or  more  electro- 
magnets, but  such  a  distinction  is  altogether  arbitrary. 

The  best  and  most  useful  form  of  the  so-called  magneto- 
machines  is  that  of  De  Meritens,  which  is  still  extensively  employed 
for  lighthouse  purposes.  A  general  view  of  a  simple  form  of  this 
machine  is  shown  in  fig.  132. 

The  armature  consists  of  a  series  of  sixteen  coils  fixed  round 
the  periphery  of  a  wheel  of  brass  or  other  non-magnetic  material. 
The  method  of  constructing  and  fixing  the  coils  is  shown  in  fig. 
133,  one  coil  and  a  portion  of  the  rim  of  the  wheel  being  in  sec- 
tion. A  flat  core  of  soft  iron,  c  (composed  in  the  more  recently 
built  machines  of  eighty  pieces  of  soft  sheet  iron  one  millimetre 
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thick  and  stamped  out  to  shape)  is  provided  with  rather  large 
pole-pieces,  and  has  wound  over  it  about  \\  pound  of  copper 
wire.  Each  coil  is  distinct  from  the  others,  the  cores  of  two 
adjacent  coils  being  magnetically  insulated  (as  at  x  y,  fig.  134)  by 
a  thin  strip  of  copper.  The  wheel  or  frame  to  which  the  coils 
are  attached  is  furnished  with  a  number  of  substantial  lugs.  The 
ends  of  the  pole-pieces  of  the  cores  are  placed  between  these  lugs, 
and,  being  provided  with  semi-cylindrical  grooves  of  the  necessary 
dimensions,  the  whole  are  firmly  fastened  together  by  bolts.  It 
is  important  to  notice  that  the  extensions  of  the  cores  reduce  the 
air-space  between  the  poles  of  the  permanent  magnets  and  the 
cores  to  a  minimum,  and  there- 
fore conduce  to  the  projection  of 
the  highest  possible  number  of 
lines  of  force  through  the  coils, 
and  consequently  -to  the  gene- 
ration of  the  maximum  attain- 
able E.M.F. 

The  field  is  produced  by  a 
series  of  eight  compound  steel 
magnets  fixed  horizontally  round 
the  armature  ring,  by  means  of 
a  brass  framework.  The  inner 
surfaces  of  the  magnets  are  pro- 
vided with  small  soft  iron  pole- 
pieces,  which  further  reduce  the 

air  gaps  between  the  magnets  and  the  armature  cores.  The 
magnets  are  disposed  uniformly  round  the  ring,  the  coils  passing, 
therefore,  north  and  south  poles  alternately. 

The  distance  between  the  limbs  of  each  magnet  being  exactly 
equal  to  that  between  the  opposite  poles  of  the  adjacent  magnets 
and  this  distance  being  also  equal  to  the  length  of  each  coil,  it 
follows  that,  on  the  armature  being  rotated,  each  coil  passes  six- 
teen alternate  poles  in  one  revolution.  The  manner  in  which  the 
currents  are  induced  can  best  be  appreciated  by  a  reference  to 
fig.  134,  where  the  ring  has  only  four  coils  which  rotate  between  a 
similar  number  of  magnet  poles,  n  s  n  s,  one  coil  or  segment,  a  b, 
being  shown  in  section.    Wh.^n  the  coils  are  in  the  position  shown, 
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the  minimum  number  of  lines  of  force  is,  at  that  moment,  passing 
through  them  and  the  e.m.f.  reaches  its  highest  value,  but  after 
traversing  another  45°,  the  core -extensions  will  be  opposite  the 
field-magnet  poles,  and  the  coils  will  then  embrace  the  maximum 
number  of  lines  of  force  ;  at  this  latter  point  the  reversal  of  the 
current  takes  place.  The  coils  being  all  wound  in  the  same  direc- 
tion and  all  connected  together  in  series,  it  is  evident  that  the  current 
in  the  adjacent  coils  on  either  side  will  be  opposite  in  direction  to 
that  taken  by  the  current  in  a  b,  as  they  are  passing  through  fields 
developed  by  the  south  poles.  Were  the  adjacent  ends  of  the 
neighbouring  coils  connected  together,  the  electro-motive  forces 
in  the  various  coils  would  therefore  neutralise  each  other,  and 
no  current  could  be  urged  through  the  external  circuit.  This 
difficulty,  however,  can   be  readily  obviated,  as   will   be   made 

Fig.  135. 


evident  by  a  reference  to  fig.  135.  Instead  of  connecting  the 
adjacent  ends  of  two  coils  together,  the  connection  is  made 
between  their  two  similar  ends— that  is  to  say,  the  end  of  the  coil 
A  to  the  left  hand  is  connected  to  the  similar  end  of  b,  while  the 
end  of  B  to  the  right  hand  is  connected  to  the  right-hand  end  of 
c,  and  so  on.  In  this  way,  although  at  any  moment  the  currents 
in  the  various  coils  are  generated  in  opposite  directions,  they, 
instead  of  neutralising  one  another,  are  made  to  take  one  common 
direction  through  the  circuit.  This  does  not,  of  course,  alter  the 
fact  that  the  current  delivered  by  the  dynamo  is  an  alternating 
one  ;  that  is  to  say,  as  the  coils  advance  from  one  set  of  magnet 
poles  to  the  next,  the  direction  of  the  current  in  the  whole  of  the 
coils  is  reversed,  and  therefore,  also,  the  direction  of  the  current 
in  the  external  circuit.  The  whole  of  the  coils  in  fig  132  being 
joined  together  in  series,  the  total   e.m.f.  developed  is  sixteen 
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times  that  developed  in  one  of  the  coils,  and  further,  the  current 
will  alternate  in  direction  at  a  rate  greater  by  eight  times  than 
would  be  the  case  if  only  one  magnet  were  employed  and  the 
armature  were  rotated  at  the  same  speed.  In  the  more  recent 
form  of  this  machine  there  are  five  armature  rings,  each  with  its 
sixteen  coils  and  eight  compound  magnets.  The  latter  are,  for 
very  apparent  mechanical  reasons,  fixed  radially  instead  of  longi- 
tudinally, and  they  have  a  total  weight  of  about  one  ton.  The 
eighty  coils  are  divided  into  two  circuits  which  are  brought  to 
four  collecting  rings  mounted  in  pairs  on  an  insulating  bush  fixed 
on  the  principal  shaft  of  the  machine  and,  therefore,  revolving  with 
it.  This  type  is  almost  exclusively  employed  for  hghthouse  pur- 
poses, and  within  fairly  wide  limits  its  e.m.f.  varies  almost  directly 
with  the  speed  of  rotation.  It  is  unusually  strong  in  design,  the 
parts  being  also  fixed  together  in  such  a  manner  as  to  permit  of 
their  being,  when  defective  or  injured,  very  easily  removed  for 
renewal  or  repair. 

It  has  been  pointed  out  that  the  best  means  available  for 
increasing  the  e.m.f.  and  therefore,  also,  the  strength  of  the  current 
yielded  by  a  machine,  is  to  increase  the  strength  of  the  field. 
Now  there  is  a  limit,  which  is  soon  reached,  to  the  field  attainable 
with  permanent  steel  magnets  even  if  built  up  of  thin  sections, 
because  the  maximum  number  of  lines  of  force  which  can  be 
urged  through  steel  is  comparatively  low,  and  even  then  only  a 
portion  of  this  number  can  be  permanently  retained  ;  whereas  with 
good  soft  iron  a  far  greater  number  can  be  forced  through,  and  if 
the  lines  of  force  are  produced  by  a  current  circulating  in  a  coil 
of  wire  enveloping  the  iron,  the  question  of  retentivity  does  not 
arise.  Consequently,  to  develop  a  given  amount  of  power,  a 
machine  in  which  the  field  is  produced  by  electro- magnets  is  con- 
siderably smaller  than  one  in  which  steel  magnets  are  employed. 

Primary  batteries  might  be,  and  in  fact  were  at  one  time,  used 
to  furnish  the  current  for  the  purpose  of  exciting  the  field-magnets, 
but  it  is  far  more  economical  and  advantageous  to  obtain  this 
current  by  means  of  a  small  dynamo.  This  auxiliary  machine, 
which  we  will  for  the  present  refer  to  as  the  exciter,  must  be  able 
to  excite  itself— that  is  to  say,  it  must  be  able  to  supply  the  requisite 
current  for  its  own  field-magnet  coils  and  to  yield  a  current  con- 
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tinuous  in  direction.  Descriptions  of  many  such  dynamos  will  be 
found  in  the  following  chapters. 

We  can  scarcely  do  better,  in  commencing  a  study  of  the 
modern  forms  of  alternating  machines,  than  describe  one  which 
would  appear  to  follow  as  a  natural  evolution  of  the  De  Meritens. 
Such  a  machine,  excellent  alike  in  its  mechanical  and  its  electrical 
details,  is  the  one  designed  by  Mr.  Gisbert  Kapp,  and  illustrated 
in  fig.  136,  which  also  shows  on  the  right-hand  side  the  small 
exciter  mounted  on  an  extension  of  the  main  bed-plate,  its  arma- 
ture being  also  fixed  on  to  the  main  shaft.  The  field  of  the  alter- 
nator is  produced  by  two  crowns  of  short  cylindrical  electro- 
magnets, the  cores  of  which  are  of  wrought  iron.  These  cores  are 
fixed  at  one  end  into  cast-iron  yoke-rings,  and  provided  at  their 
inner  ends  with  rectangular  pole-faces,  between  which  the  armature 
revolves.  In  the  particular  machine  illustrated  there  are  twenty- 
eight  of  these  magnets,  fourteen  in  each  crown,  the  diameter  of  each 
core  being  4^  inches.  Each  magnet  core  is  wound  with  186  turns 
of  thick  insulated  copper  wire,  the  whole  of  the  coils  being  ulti- 
mately joined  in  series  and  offering  a  total  resistance  of  176  ohm. 
The  winding  of  these  coils  is  such  that  the  magnets  forming  each 
of  the  crowns  alternate  in  polarity,  while  the  opposing  faces  are  of 
the  same  polarity.  One  continuous  core  is  used  for  the  whole  of 
the  coils  in  the  armature,  and  is  built  up  by  winding  thin  band- 
iron  upon  a  cast-iron  supporting  ring,  the  layers  being  insulated 
by  varnish,  to  prevent  as  far  as  possible  the  flow  of  eddy  currents. 
The  section  of  this  core  is  almost  rectangular,  with  its  greater 
dimension  radial.  The  armature  wire  offers  a  resistance  of  i  -8 
ohm,  and  is  divided  into  fourteen  coils,  wound  over  the  core 
ring,  each  coil  consisting  of  eighty  turns  of  insulated  wire  120  mils 
(o-i2  inch)  in  diameter,  wound  in  two  layers. 

The  manner  in  which  the  currents  are  generated  as  the  arma- 
ture rapidly  revolves  through  the  alternate  fields  is  very  similar  to 
the  method  of  production  in  the  De  Meritens  machine.  In  this 
case,  however,  the  lines  of  force  enter  and  leave  the  armature  at 
both  sides  of  the  flat  ring  which  constitutes  the  armature  core, 
instead  of  at  one  side  only. 

The  extremities  of  the  armature  wire  are  connected  to  a  pair 
of  brass  rings  on  the  shaft,  from  which  the  current  is  collected  by 
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copper  brushes.  As  the  e.m.f.  of  these  machines  is  usually  high, 
it  is  a  frequent  practice  to  place  the  collector-rings  on  opposite 
sides  of  the  armature,  so  that  the  attendant  cannot  touch  both 
brushes  at  the  same  time. 

The  cast-iron  bed-plate  is  very  substantial,  and  the  method  of 
bolting  the  yoke-rings  to  it  and  to  each  other  is  clearly  shown  in 
the  illustration. 

Fig.  T35. 


When  this  machine  was  driven  at  600  revolutions  per  minute, 
the  exciting  current  being  9  amperes,  the  total  e.m.f.  developed 
on  open  circuit— that  is  to  say,  with  the  collecting  brushes  discon- 
nected from  the  external  circuit — was  1,000  volts.  When  the  field 
was  strengthened  by  increasing  the  exciting  current  to  21  amperes 
the  E.M.F.  rose  to  2,400  volts.  With  the  same  exciting  current 
and  the  armature  of  the  alternator  joined  through  an  external 
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resistance  and  a  dynamometer,  a  current  of  30  amperes  was  gene- 
rated, the  potential  difference  at  the  terminals  then  being  2,000 
volts.  The  available  output  was  therefore  60,000  watts.  The 
power  absorbed  in  exciting  the  field -magnets  was  775  watts,  or 
about  I "3  percent,  of  the  total  output,  the  loss  in  the  armature 
due  to  its  resistance  being  27  per  cent. 

When  all  the  coils  are  joined  in  series,  the  total  e.m.f.  at  the 
collecting  brushes  is  equal  to  that  developed  by  one  coil  multiplied 
by  the  number  of  coils,  but  occasionally,  in  such  machines,  a  lower 
E.M.F.  with  a  heavier  current  is  desired,  and  then  the  coils  are 
joined  in  parallel,  either  in  two  sets,  or  as  may  be  required.  An 
equal  e.m.f.  might,  of  course,  be  obtained  with  fewer  coils  and 
pole-pieces,  provided  the  number  of  lines  cut  in  the  same  time  and 
the  number  of  convolutions  in  series  are  made  the  same  \  but  the 
great  advantage  accruing  to  the  use  of  a  large  number  of  pole- 
pieces  and  coils  is  that  a  rapidly  alternating  current  can  be  obtained 
without  rotating  the  armature  at  an  enormous  speed,  and  so  intro- 
ducing mechanical  difficulties. 

It  has  already  been  pointed  out  that  the  current,  or  rather 
currents,  resulting  from  one  complete  rotation  of  a  coil  in  a  simple 
field,  which  may  be  represented  by  the  curve  a  c  e  f  in  fig.  1 26,  is 
called  an  'alternation,^  and  any  similar  pair  of  currents  developed 
by  any  armature  with  any  field  is  also  called  an  alternation. 
In  estimating  the  rapidity  with  which  a  current  is  reversed,  it  is 
better  to  speak  of  the  number  of  such  alternations  which  take 
place  in  a  second,  rather  than  the  number  of  reversals.  The 
majority  of  the  machines  at  present  in  use  work  at  from  80  to  100 
alternations  per  second,  and  to  obtain  the  latter  number  a  single 
coil  in  a  single  field  would  have  to  be  driven  at  6,000  revolutions 
a  minute.  But  although  a  rapidly  alternating  current  can  be  easily 
obtained  with  a  large  number  of  pole-pieces,  a  disadvantage  results 
from  the  fact  that  these  pole-pieces  alternate  in  polarity  all  round 
each  crown.  Each  pole-piece  is  flanked  on  either  side  by  others 
of  opposite  polarity,  and  a  large  percentage  of  the  lines  of  force 
leak  across  between  adjacent  limbs,  instead  of  passing  through  the 
armature  core,  and  are  wasted,  since  they  cannot  be  cut  by  the 
conductor.  This  disadvantage  also  exists  in  the  two  machines 
next  to  be  described,  where  the  leakage  is  somewhat  increased  on 


Digitized 


by  Google 


cftAP.  viii.  Siemens  Alternator  281 

account  of  the  fact  that  the  armature  is  not  provided  with  an  iron 
core.     In  fact,  it  is  not  an  unusual  circumstance  for  nearly  half 


the  lines  of  force  developed  by  the  field- magnets  to  be  rendered 
inoperative  by  leakage  in  such  machines  with  coreless  armatures, 
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but  the  absence  of  iron  in  which  repeated  changes  in  the  direc- 
tion or  the  number  of  the  lines  of  force  is  taking  place  obviates 
the  loss  by  eddy  currents  and  hysteresis,  and  more  than  compen- 
sates for  the  loss  by  leakage. 

The  form  of  alternating  current  dynamo  constructed  by  Messrs. 
Siemens  is  illustrated,  together  with  its  exciter,  which  is  driven  in- 
dependently from  the  main  shaft,  in  fig.  137.  The  field-magnets 
present  an  appearance  similar  to  that  of  those  in  the  Kapp 
machine,  consisting,  as  they  do,  of  two  opposing  crowns  of  cylin- 
drical electro-magnets,  but  with  the  essential  difference  in  the 
winding  that  the  facing  pole-pieces  are  of  opposite  polarity.  The 
adjacent  pole-pieces  on  each  frame  resemble  the  Kapp  in  being 
also  of  opposite  polarity.  The  arrangement  is  clearly  indicated  in 
fig.  138,  which  shows  three  pairs  of  magnets  and  three  ideal  arma- 
ture coils,  and  it  will  be  evident  that,  with  this  disposition,  the  lines 
of  force  pass  from  pole  to  pole,  straight  across  the  armature  space. 
The  plane  of  the  armature  coils  is  coincident  with  the  plane  of 
rotation,  so  that  the  coils,  in  rotating,  cut  through  a  series  of 
powerful  fields  with  the  lines  of  force  alternating  in  direction.  As 
the  direction  of  the  lines  of  force  through  any  adjacent  pair  of 
coils  is  opposite,  it  is  necessary,  in  order  to  prevent  the  electro- 
motive force  induced  in  one  coil  neutralising  that  induced  in  the 
other,  either  to  make  the  connections  as  in  the  case  of  the  De 
Meritens  (fig.  135),  or  to  wind  the  bobbins  as  right  and  left- 
handed  helices  alternately,  after  the  manner  shown  in  fig.  138. 
The  number  of  armature  coils  being  the  same  as  the  number  of 
fields,  it  follows  that  all  these  coils  are,  at  any  particular  moment, 
equally  active.  Referring  to  fig.  138,  in  which  the  direction  of 
rotation  is  left-handed,  it  will  be  seen  that  the  coils  are  just  leaving 
the  pole-pieces,  and  currents  are  being  generated  in  the  directions 
indicated  by  the  small  arrows.  The  e.m.f.  increases  until  the 
coils  arrive  at  positions  midway  between  the  pole-pieces,  where  it 
is  a  maximum,  because  at  that  moment  the  forward  half  of  each  coil 
is  cutting  lines  of  force  which  pass  in  one  direction,  and  the  rear 
half  other  lines  due  to  the  next  pair  of  opposing  magnets,  which 
pass  in  the  other  direction  ;  and  the  induced  currents,  flowing 
outwards  in  one  half,  and  inwards  in  the  other,  coincide  in  direc- 
tion round  the  coil.     Every  line  of  force,  then,  cut  by  the  coil  is 
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being  usefully  employed.  When  this  middle  position  is  passed, 
the  number  of  lines  cut  by  the  front  half  increases,  while  the 
number  cut  by  the  rear  half  decreases,  and  this  continues  until 
both  halves  of  the  coil  are  cutting  lines  of  force  all  due  to  one  pair 
of  opposing  magnets,  and  which  are  therefore  all  in  one  direction. 
Consequently,  an  opposing  e.m.f.  is  induced  in  the  rear  half,  the 
value  of  which  increases  until  the  coil  is  exactly  opposite  the  pole- 
pieces,  when  both  halves  will  be  cutting  an  equal  number  of  lines 

Fig.  138. 


of  force,  which  are  all  in  the  same  direction  ;  whence  equal  and 
opposite  E.M.F.'s  will  be  induced  in  the  two  halves  of  the  coil,  and 
will  effectually  neutralise  each  other.  At  this  point,  then,  when 
the  coils  embrace  the  maximum  number  of  lines  of  force,  the 
reversal  in  the  direction  of  the  current  takes  place,  for  on  passing 
forward,  the  front  half  of  each  coil  is  cutting  less,  instead  of  more, 
lines  of  force  than  the  rear  half.  The  number  of  alternations  in 
each  revolution  corresponds,  therefore,  with  the  number  of  coils, 
or,  what  is  the  same  thing,  with  the  number  of  fields. 
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In  practice,  the  machine  is  built  up  on  a  cast-iron  bed-plate, 
to  which  are  securely  fixed  two  circular  frames,  united  and  held 
in  position  by  a  stout  iron  stay.  An  equal  and  even  number  of 
electro-magnets  is  fixed  to  each  frame,  the  cores  being  turned 
down  so  as  to  fit  into  holes  drilled  through  the  frames.  These 
ends  are  likewise  tapped,  and,  nuts  being  screwed  on  on  the 
outside,  the  electro-magnets  are  fixed  firmly  in  position.  The 
inner  ends  of  the  cores  are  furnished  with  radial  pole-pieces, 
which  by  reducing  the  air  space  between  the  opposing  pole-faces 
concentrate  the  fields  and  increase  the  number  of  lines  of  force 
passing  through  the  rotating  armature  coils.  The  armature  coils, 
instead  of  being  circular,  like  those  in  fig.  138,  are  pear-shaped, 
and  the  armature  is  fitted  up  by  attaching  the  coils,  which  are 
wound  over  wooden  cores,  round  the  circumference  of  a  disc  or 
wheel  which  is  mounted  on  the  shaft. 

A  general  view  of  the  machine  designed  by  Mr.  Ferranti  is 
given  in  fig.  139,  the  particular  one  illustrated  being  constructed 
to  develop  150  electrical  horse-power.  The  field-magnets  are 
similar  in  principle  to  those  in  the  Siemens  Alternator,  and  con- 
sist of  two  sets  of  electro-magnets,  attached  to  massive  iron  rings 
forming  the  yokes,  the  magnetisation  of  the  pole-pieces  round 
each  ring  being  alternately  north  and  south,  and  the  facing  pole- 
pieces  also  of  opposite  polarity,  so  as  to  develop  a  series  of  very 
powerful  fields,  alternating  in  direction  across  the  space  through 
which  the  armature  coils  sweep.  The  framework  carrying  each 
crown,  or  ring,  of  field-magnets  is  divided  vertically  into  two  halves, 
which,  on  being  unbolted,  can  be  slid  out  of  position  in  a  direction 
at  right  angles  to  the  shaft,  and  so  afford  access  to  the  interior  for 
cleaning  or  repair. 

The  machine  is  driven  by  rope  gearing,  the  pulley,  as  shown 
to  the  left  in  the  figure,  being  grooved  for  the  purpose. 

The  method  of  securing  the  cores  of  the  magnets  to  the  yoke- 
rings  is  unique.  The  wrought-iron  cores  of  half  the  magnets 
forming  each  crown  are  fixed  in  a  mould,  and  the  half  of  the 
yoke-ring  is  then  cast  on  to  them,  making  in  that  way  the  surest 
and  simplest  form  of  magnetic  connection  between  the  wrought- 
and  cast-iron  sections  of  the  field-magnets. 

The  distinctive  feature  of  the  original  Ferranti  machine  con- 


Digitized 


by  Google 


CHIP.  Mil.  Ferranti  Alternatof  285 

sisted  in  the  construction  of  the  armature,  which  being  interesting 
from  a  theoretical  point  of  view,  is  illustrated  in  fig.  140.  The 
heavy  zigzag  line  represents  half  of  the  armature,  which  consists 
of  a  copper  ribbon  bent  round  and  bolted  to  a  non-magnetic 
framework  attached  to  the  shaft.  The  faces  of  one  set  of  field- 
magnets  are  shown  behind  the  armature  strip,  and  it  will  be  seen 
that  the  space  occupied  by  each  complete  bend  in  the  armature  is 

Fig.  139. 


equal  to  that  of  two  field-magnet  coils,  the  distance  between  two 
straight  radial  portions  being  equal  to  the  width  of  one  coil. 
When  the  armature  is  rotated  all  the  radial  portions  of  the  strip 
are  usefully  employed  in  developing  e.m.f.  At  any  particular 
moment  each  of  these  portions  is  cutting  lines  of  force  in  a 
direction  reverse  to  that  of  its  immediate  neighbours.  Conse- 
quently,  opposite  currents    are  at    any   moment  generated   in 
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adjacent  radial  portions,  one  set  flowing  radially  inwards,  and 
the  other  set  radially  outwards,  but  the  zigzag  winding  naturally 
makes  all  the  simultaneously  generated  currents  travel  round  the 
armature  in  one  common  direction. 

Alternate  current  machines  being  usually  required  to  develop 
a  high  electro-motive  force,  such  a  simple  winding  is  of  little 
ser\'ice,  although  it  answers  the  purpose  admirably  when  only  a 
low  electro-motive  force  is  required.  The  e.m.f.  developed  is,  of 
course,  proportional  to  the  actual  number  of  the  straight  radial 
portions  of  the  armature  wire  which  cut  the  lines  of  force  trans- 
versely. It  is  manifest  that  to  greatly  increase  this  number  in  a 
simple  zigzag  form  would  be  impracticable,  from  the  fact  that  the 

Fig.  140. 


number  of  field-magnet  bobbins  must  always  be  twice  that  of 
the  loops  in  the  armature.  The  practice,  therefore,  is  to  obtain  the 
desired  increase  in  the  number  of  active  conductors  by  coiling  the 
copper  ribbon  several  times  round  a  number  of  non-magnetic, 
pear-shaped  bobbins.  Then,  if  the  whole  of  the  bobbins  are  con- 
nected in  series,  the  total  e.m.f.  developed  will  be  equal  to  the 
E.M.F.  of  one  multiplied  by  the  total  number  of  bobbins.  But  it 
is  no  unusual  thing  for  a  machine  to  develop  an  e.m.f.  of  several 
thousand  volts,  and,  were  this  method  of  joining-up  adopted, 
serious  difficulties  in  maintaining  insulation  would  arise  at  the 
two  ends  of  the  series  where  connection  is  made  with  the  external 
circuit,  owing  to  the  fact  that  there  the  potential  difference  between 
the  two  adjacent  coils  would  be  the  maximum  developed  by  the 
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machine.  Consequently,  the  armature  coils  are  always  grouped 
in  parallel  sets,  generally  two,  as  shown  in  fig.  141.  By  the 
arrangement  here  illustrated,  the  potential  difference  between  any 
two  adjacent  wires  can  never  be  more  than  that  developed  in  one 
bobbin,  but  the  total  e.m.f.  of  the  machine  is  reduced  to  half  of 
what  it  would  be  were  the  whole  of  the  coils  joined  in  series. 
Fig.  141  shows  very  clearly  the  way  in  which  the  coils  are  joined 

Fig.  141. 


together.  Since  the  current  is  induced  in  the  opposite  direction 
in  adjacent  coils,  it  becomes  necessary  to  connect  alternately  the 
two  inner  and  the  two  outer  ends  of  the  coils  together,  otherwise 
the  E.M.F.  of  one  coil  would  neutralise  that  of  its  neighbour.  The 
currents  generated  alternate  rapidly,  but  the  arrow-heads  indicate 
the  direction  which  the  current  takes  at  one  particular  moment  in 
thevarious  parts  of  the  armature.    Bj  b^  arc  the  brushes  connected 
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to  the  external  circuit,  by  means  of  which  the  currents  are  con- 
veyed from  the  insulated  metallic  rings  on  the  armature  shaft. 

A  few  details  concerning  a  Ferranti  dynamo  designed  for  an 
output  of  625  horse-power  will  be  instructive.  The  mean 
diameter  of  the  armature  is  7  feet,  and  it  comprises  40  coils, 
joined  up  in  two  sets  of  20.  The  copper  ribbon  is  12*5  milli- 
metres wide,  and  075  millimetre  in  thickness,  twenty-five  turns 
being  wound  over  a  core  of  brass  (laminated  at  right  angles  to  the 
direction  of  rotation  and  insulated  with  asbestos)  to  form  each  coil, 
the  convolutions  being  insulated  by  means  of  a  continuous  strip 
of  fibre,  o'5  millimetre  thick,  wound  on  with  the  copper.  The 
inner  end  of  each  coil  is  connected  to  the  brass  core,  these  cores 
being  also  electrically  connected  together  in  pairs,  as  indicated  in 
fig.  141.  In  a  somewhat  similar  manner  the  outer  ends  of  the 
coijs  are  connected  together  in  pairs  through  the  supporting  frame- 
work. 

The  peripheral  velocity  of  the  armature  is  6,050  feet  per 
minute,  and,  manifestly,  special  attention  has  to  be  paid  to  the 
method  of  fixing  the  coils  to  prevent  their  flying  out.  Each  of 
the  laminated  brass  cores  already  referred  to  is  solid  at  the  inner 
end — that  is  to  say,  the  end  nearest  the  driving  shaft — and  an 
insulated  bolt  passed  through  a  hole  drilled  in  this  solid  portion 
parallel  to  the  shaft  firmly  secures  the  core  and  its  coil  to  the 
revolving  framework. 

The  external  potential  difference  developed  is  2,400  volts,  but 
by  the  adoption  of  the  device  shown  in  fig.  141  the  maximum 
potential  difference  between  the  wires  on  neighbouring  coils  is 
reduced  to  120  volts.  The  resistance  of  the  armature  from  brush 
to  brush  is  0*176  ohm. 

The  field-magnets  are  excited  by  a  separate  direct-current 
dynamo,  twelve  electrical  horse-power  being  thus  absorbed.  There 
are  80  bobbins  on  each  yoke-ring.  The  distance  between  the 
faces  of  opposite  pole-pieces  is  only  0*875  inch,  which  is  one  of 
the  important  advantages  pertaining  to  this  form  of  armature,  and 
enables  iron  cores  for  the  armature  coils  to  be  dispensed  with,  as 
the  nearness  of  the  opposite  pole  faces  reduces  the  wasteful 
leakage  between  adjacent  pole-pieces. 

One  of  the  most  interesting  and  most  important  machines  for 
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the  generation  of  alternating  currents  is  that  designed  by  Mr. 
W.  M.  Mordey,  and  illustrated  in  fig.  142.    There  are  in  this 


machine  two  departures  from  the  practice  adopted  in  constructing 
the  machines  previously  described.     In  the  first  place,  the  arma- 
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ture  is  fixed,  and  the  field-magnet  rotated  ;  and,  in  the  second 
place,  the  lines  of  force  in  the  various  fields  projected  through  the 
armature  coils  are  all  in  one  direction,  the  pole-pieces  on  one  side 
of  the  armature  being  all  of  north  polarity,  and  those  on  the  other 
side  of  south  polarity.  There  is  consequently  no  tendency  to 
leakage  between  the  adjacent  pole-pieces,  but  the  space  between 
the  opposing  pole-faces  is  kept  as  small  as  practicable,  not  only 
in  order  to  reduce  the  magnetic  resistance,  but  also  to  prevent  the 
spreading  of  the  field,  because  it  is  necessary  that  any  one  arma- 
ture coil  shall  at  one  moment  embrace  as  many  as  possible,  and 
at  the  next  moment  as  few  as  possible,  of  the  lines  of  force. 

The  armature,  which  is  shown  in  fig.  143,  consists  of  a  number 
of  coils  of  copper  ribbon,  wound  on  flat  pear-shaped  cores  either 
of  paraffined  wood  or  porcelain,  the  different  layers  or  turns  of 
ribbon  being  insulated  one  from  another  by  an  insulating  strip  of 
the  same  width,  which  is  wound  in  with  them.  The  whole  of  the 
turns  in  each  coil  are  bound  together  with  strips  of  prepared  tape. 
The  outer  or  broad  end  of  each  coil  is  clamped  by  two  short  bolts 
between  German-silver  plates  bearing  against  ebonite  insulating 
sheets,  and  through  these  plates  and  the  core  of  the  coil  is  placed 
a  third  bolt,  which  also  passes  through  a  slotted  hole  in  the 
internal  flange  of  the  frame,  and  so  secures  the  coil  in  position. 
Each  coil  is  also  provided  with  a  radial  adjusting  screw,  one  end 
bearing  against  the  head  of  the  coil  and  the  other  end  against  the 
inner  face  of  the  external  flange;  and  when  the  third  bolt  men- 
tioned above  is  loosened,  the  coil  can  be  adjusted  accurately  in 
position  by  being  urged  radially  inwards  or  outwards.  The  ends 
of  adjacent  coils  are  electrically  connected  by  stiff"  conductors 
brought  out  through  porcelain  insulators  as  shown  in  the  figure. 
The  metal  supports,  which  do  not  anywhere  come  between  the 
poles  of  the  field-magnets,  are  almost  entirely  beyond  the  magnetic 
field,  and  in  this  way  the  generation  of  wasteful  eddy  currents  is 
reduced  to  a  minimum,  any  slight  loss  that  might  arise  from  this 
cause  being  still  further  reduced  by  the  emplo)  ment  of  German 
silver  for  the  brackets  and  bolts,  as  the  high  resistance  of  this 
alloy  prevents  the  generation  of  any  but  exceedingly  feeble  cur- 
rents. The  gun-metal  supporting  ring,  which  is  bolted  to  the 
bed-plate  of  the  machine,  is  in  two  portions,  being  divided  in  a 
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vertical  diametrical  line.  These  two  parts,  after  having  received 
the  coils,  are  bolted  together  and  to  the  bed-plate,  the  field- 
magnets  being,  however,  previously  placed  in  position.  By  this 
device  single  coils,  should  they  become  faulty,  can  be  easily  and 
quickly  removed  for  renewal  or  repair ;  or  each  half  of  the 
armature  can  be  removed  without  difficulty  by  sliding  it  on  to  the 
stool  shown  in  the  figure. 

Fig.  143. 


The  shape  of  the  field-magnet  is  remarkable,  and  differs  alto- 
gether from  that  of  any  other  machine  previously  constructed. 

It  consists  of  a  single  electro-magnet  built  up  in  the  following 
manner  :  A  short  cylinder  of  iron,  through  the  axis  of  which  the 
shaft  passes,  forms  the  core  of  the  magnet,  and  is  wound  with  a 
single  exciting  coil.  To  each  end  of  this  cylinder  or  core  is  attached 
a  massive  iron  casting  of  peculiar  form,  which  will  be  best  under- 
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stood  from  fig.  144.  Each  casting  consists  of  a  number  of  horns 
or  claws,  which  bend  over  from  their  common  junction,  so  that 
the  extremities  of  the  two  sets  of  pole-pieces  approach  within  a 
very  short  distance  of  each  other,  the  narrow  polar  gap  or  slit  thus 
formed  being  only  just  wide  enough  to  contain  the  armature  coils 
without  touching  them  when  the  entire  field -magnet  is  revolved. 
The  ends  of  the  *  exciting '  coil  (which  is  to  be  seen  inside  the 
pole-pieces  in  fig.  144)  are  connected  to  collector-rings  on  the 
shaft,  as  shown  at  c  to  the  right  of  the  figure.  These  might  be 
dispensed  with,  and  the  exciting  coil,  as  well  as  the  armature, 
might  be  made  stationary.  The  core  and  its  pole- pieces  would 
then  be  the  only  portions  revolving,  and  the  electrical  effect  would 
be  the  same,  but  serious  mechanical  diflficulties  would  arise  in 
fixing  the  coil.  Hence,  it  is  far  preferable  to  attach  it  to  the 
rotating  cylinder.  The  simplicity  of  this  form  of  field-magnet  is 
one  of  its  great  features,  as  a  single  exciting  coil  suffices  for  a 
machine  of  any  size,  speed,  or  number  of  alternations.  The  heavy 
rotating  field-magnet  acts  very  efficiently  as  a  fly-wheel,  and 
ensures  steadiness  in  running,  effectually  neutralising,  within  cer- 
tain wide  limits,  any  pulsations  due  to  irregularity  in  the  stroke  of 
the  engine,  and  it  is  also  advantageous  when  two  or  more  machines 
are  run  so  as  to  feed  the  same  circuit  in  parallel.  The  insulation 
of  the  armature  coils,  as  well  as  their  connection  with  the  external 
circuit,  is  also  simplified,  and  being  stationary  they  need  only  to 
be  supported  with  a  view  to  resisting  the  drag  of  the  field,  which 
is  parallel  to  the  plane  of  the  coils.  The  armature  is  stiffened 
and  held  in  its  vertical  position  by  substantial  horizontal  brackets 
bolted  on  to  the  bearing- standards. 

The  method  of  joining  the  armature  coils  together  is  similar  in 
principle  to  that  illustrated  in  fig.  141,  the  inner  ends  of  the  coils 
being  joined  together  by  short  copper  rods  on  one  face  of  the 
frame,  and  the  outer  ends  on  the  other  face.  The  position  of  one 
of  these  sets  of  connecting  wires  or  rods  can  be  seen  in  fig.  143, 
although  it  may  be  mentioned  that  in  some  machines  the 
whole  of  the  connections  are  placed  on  one  face  of  the  armature. 
The  number  of  alternations  during  each  revolution  is  the  same 
as  in  the  case  of  a  Siemens  or  a  Ferranti  machine  having  an  equal 
number  of  armature  coils,  but  there  are  only  half  as  many  pole* 
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pieces  as  would  be  required  for  either  of  those  machines.  This 
arises  from  the  fact  that  the  current  in  each  coil  is  reversed  at 
that  moment  when  it  is  between  two  opposite  pole-faces,  and  again 
when  it  is  midway  between  two  adjacent  pairs  of  pole-pieces — 
that  is  to  3ay,  at  the  moment  when  it  has  the  maximum  number 
of  lines  of  force  thrust  through  it,  and  again  when  it  embraces 
the  minimum  number.  It  will  be  observed  that  in  this  machine 
the  direction  of  the  lines  of  force  through  the  armature  coils  is 

Fig.  141. 


never  reversed,  the  electro-motive  force  being  produced  by  alter- 
nating the  number  of  lines  of  force  embraced  by  the  coils  between 
a  maximum  and  a  minimum. 

Since  the  armature  coils  are  similar  as  regards  shape  and  the 
length  of  ribbon  wound  on  them,  and  as  the  various  fields  pro- 
jected through  them  are  at  any  moment  equal,  the  e.m.f.  of  any 
one  coil  is  an  aliquot  part  of  the  whole  ;  and,  as  all  the  coils  are 
fixed,  the  e.m.f.  devcloi>ed  in  anyone  coil  can  be  easily  measured, 
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and  the  gross  e.m.f.  deduced  therefrom.  As  the  range  in  a  single 
coil  is  usually  from  loo  to  150  volts,  an  ordinary  voltmeter  can 
be  used  for  the  purpose,  whereas,  to  measure  the  total  potential 
difference  directly,  an  electrostatic  or  other  special  voltmeter 
would  be  required.  The  machine  is  therefore  fitted  with  a  special 
pair  of  voltmeter  terminals,  connected  to  the  ends  of  one  coil,  for 
the  purpose  of  making  this  measurement. 

It  will  be  observed  that  the  arrangement  of  the  armature  coils 
can,  if  required,  be  readily  altered  to  vary  the  e.m.f.  and  current 
developed.  P'or  example,  if  it  were  required  to  reduce  the  e.m.f. 
of  a  2, 000- volt  machine  to  1,000  volts,  this  could  be  done  by 
dividing  the  armature  coils  into  two  sets  and  joining  them  together 
in  parallel,  the  machine  being  then  capable  of  developing  twice 
the  current  strength  with  the  same  density  of  current  in  the  arma- 
ture coils.  Normally  the  larger  machines  are  so  connected  with 
the  armature  coils  in  two  sets  joined  in  parallel,  but  the  usual 
arrangement  for  the  smaller  sizes  is  with  all  the  coils  in  series,  in 
which  case,  of  course,  special  attention  must  be  paid  to  the 
insulation  of  the  two  adjacent  coils  at  the  terminals,  since  the 
maximum  potential  difference  exists  between  them.  In  any  case 
the  total  electrical  output,  or  the  energy  developed,  would  be  the 
same. 

Fig.  144  represents  the  field-magnet  of  an  early  type  of 
machine,  the  figure  being  retained  because  it  illustrates  the  general 
principle  more  clearly  than  would  a  view  of  the  latest  pattern. 
In  these  earlier  machines,  copper  dishes  were  attached  outside  the 
cast-iron  claws  of  the  field- magnets,  for  the  purpose  of  reducing 
the  amount  of  air-churning  which  would  otherwise  occasion 
loss  of  energy.  The  claws,  in  fig.  144,  are  shown  without  these 
dishes  ;  in  the  newer  form  of  the  machine  they  are  dispensed  with, 
the  claws  being  simply  webbed  together  in  the  casting,  when  they 
present  the  appearance  shown  in  fig.  142. 

The  lield-magnet  is  excited  by  the  current  from  a  small  Vic- 
toria direct  current  dynamo,  which  is  mounted  on  a  bracket  pro- 
jecting from  the  main  bed-plate,  its  shaft  being  coupled  direct  to 
the  alternator  shaft,  so  that  the  two  machines  are  driven  together. 
A  long  thrust-bearing  is  employed  to  prevent  end-play,  which  is 
an  important  point,  since  the  space  between  the  pole-faces  and 
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armature  is  very  small ;  and  this  bearing  is  adjustable  longitudinally 
for  the  purpose  of  enabling  the  field-magnet  to  be  symmetrically 
disposed  with  regard  to  the  armature.  The  right-hand  end  of 
the  shaft  shown  in  fig.  144  fits  into  this  bearing.  The  armature 
terminals  are  placed  on  the  upper  portion  of  the  gun-metal  sup- 
porting ring. 

The  machine  illustrated,  when  driven  at  500  revolutions  per 
minute,  is  capable  of  developing  75,000  watts,  or  100  electrical 
horse-power,  at  an  e.m.f.  of  2,000  volts.  900  watts  are  required 
for  the  purpose  of  exciting  the  field-magnets.  On  account  of  there 
being  no  iron  in  the  armature,  and  the  attention  devoted  to  small 
details  such  as  the  use  of  German  silver  for  the  coil-fittings,  the 
waste  of  power  due  to  hysteresis  and  eddy  currents  is  very  small ; 
and  this  loss,  added  to  that  due  to  friction,  which,  owing  to  good 
mechanical  construction,  is  also  very  low,  amounts  to  but  5  horse- 
power, that  being  the  power  required  to  drive  the  machine  at  full 
speed  on  open  circuit  (or  when  the  armature  is  disconnected), 
the  field-magnets  being  at  the  same  time  excited  to  their  maxi- 
mum. 

In  many  cases  the  output  demanded  from  a  dynamo  varies 
considerably  at  different  times.  For  instance,  four  times  as  much 
power  may  be  required  to  supply  lamps  at  one  time  as  at  another. 
It  is  not  economical  to  use  one  large  machine,  capable  of  meeting 
the  maximum  demand,  and  run  it  to  give  a  small  output  at  other 
times  ;  but,  fortunately,  it  is  possible  to  join  up  two  (or  even  more) 
alternating-current  dynamos  so  as  to  feed  the  same  circuit  simul- 
taneously when  required,  switching  out  and  stopping  one  when 
the  other  is  able  to  meet  the  low  demand. 

The  armatures  must  not  be  joined  up  in  series,  but  in  parallel, 
and  the  machines  may  be  driven  by  belts  from  the  same  shafting, 
or,  if  necessary,  from  independent  engines  running  at  about  equal 
speeds.  In  practice  the  latter  course  is  usually  adopted,  since  it 
is  uneconomical  to  employ  a  large  engine  to  develop  the  power 
required  by  a  small  machine,  which  would  be  the  case  if  two  or 
more  machines  were  driven  from  a  common  countershaft  driven 
in  its  turn  by  a  single  large  engine. 

But  parallel  working  is  only  practicable  when  in  both  machines 
the  rates  of  alternation  are  equal,  and  the  alternations  *  co-phasal ' 
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— that  is,  when  their  maximum  and  likewise  their  minimum 
E.M.F/S  occur  simultaneously.  It  is  most  remarkable  that  well- 
designed  machines  can  correct  each  other  and  maintain  this 
synchronism ;  but,  as  a  most  important  part  of  the  interaction 
depends  upon  the  *  motor '  properties  of  a  dynamo,  further  con- 
sideration of  the  question  must  be  deferred  until  electric  motors 
have  been  dealt  with. 
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CHAPTER   IX 

DYXAMO-ELECTRIC   MACHINES    (DIRECT   CURRENT) 

Although  the  sphere  of  usefulness  for  alternating-cu;Tent 
dynamos  has  largely  increased  of  late  years,  there  is  still  a  vast 
amount  of  work  which  such  machines  are,  and  always  will  be, 
wholly  incompetent  to  perform.  This  is  notably  the  case  in  con- 
nection with  the  deposition  of  metals  by  electricity,  and  in  the 
*  charging '  of  secondary  batteries.  For  these,  and  several  other 
important  purposes,  it  is  essential  that  the  current  should  be  con- 
tinuous, and  flow  in  one  direction  only.  Except  in  the  case  of  a 
few  experimental  machines,  the  current  which  is  generated  in  the 
armature  always  alternates  in  direction ;  but  it  is  possible  to  arrange 
matters  so  that  all  the  currents  so  generated  shall  be  made  to  flow 
in  one  direction  in  the  external  circuit,  the  process  being  known 
as  *  commutation,'  and  the  part  of  the  machine  by  which  the 
alteration  is  eflected  is  termed  the  *  commutator.'  Directly  this 
has  been  successfully  performed,  the  dynamo  is  capable  of  a  new 
and  important  development,  for  it  is  then  possible  to  use  all  or  a 
part  of  the  current  which  is  generated  in  the  armature,  for  the 
purpose  of  magnetising  the  field-magnets.  The  smaller  auxiliary 
machine,  which,  in  most  of  the  dynamos  previously  described,  has 
been  employed  to  excite  the  field-magnets,  can  therefore  be  dis- 
pensed with,  and  the  machine  made  *  self- exciting.' 

We  come  then  to  the  consideration  of  the  means  to  be  em- 
ployed in  order  that  the  currents  which  are  generated  in  alternate 
directions  in  the  armature  itself  can  be  commutated  so  as  to 
flow  in  one  direction  ///  the  external  circuit.  Referring  again  to 
fig.  127,  we  remember  that  the  direction  oi  the  current  is  unaltered 
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(although  it  varies  in  E.M.F.,  and  therefore  also  in  strength)  during 
the  first  half-revolution  of  the  rectangle,  and  that,  at  the  end  of 
that  half-revolution,  the  reversal  in  direction  takes  place.  Now, 
a  moments  reflection  will  show  that  if,  just  at  the  end  of  this  first 
half-revolution,  the  positions  of  the  two  brushes  on  their  respective 
rings  were  instantaneously  interchanged,  the  current  generated 
during  the  second  half  of  the  revolution  would  flow  in  the  same 
direction  round  the  external  circuit  as  the  preceding  current  did, 
because,  although  really  generated  in  the  reverse  direction,  it  is 
entering  the  external  circuit  at  the  other  end.  This  is  the  funda- 
mental principle  of  commutation;  only,  instead  of  shifting  the 
brushes,  the  change  is  effected  at  the  right  moment  by  a  modifi- 
cation of  the  ring  or  rings  against  which  the  brushes  press. 

Pj^  ^  The  simplest  possible  form  of  com- 

mutator is  shown  in  section  in  fig.  145. 
Instead  of  two  brass  rings,  a  single  brass 
ring  or  tube  is  employed,  but  with  the 
diffierence  that  it  is  split  lengthways  into 
(  two  halves  or  segments,  a  b^  insulated 

one  from  the  other.     Each  end  of.  the 
rotating  coil  of  wire  is  connected  to  one 
of  these  segments,  and  the  brushes  or 
flat  springs  (which  are  permanently  con- 
nected one  to  each  end  of  the  external  circuit)  are  so  situated 
that  they  press  upon  the  insulating  divisions  between  the  segments 
at  the  moment  that  the  coil  is  in  the  vertical  position  -  that  is  to 
say,  in  the  position  where  the  reversal  of  the  current  takes  place. 
Just  at  that  moment,  then,  the  ends  of  the  coil  in  contact  with 
the  respective  brushes  are  also  reversed,  and  the  result  is  that 
when  the  coil  is  rotated  uniformly,  a  succession  of  short  currents 
passes  through  the  external  circuit,  each  current  rising  and  falling 
similarly,  but  all  impelled  through  the  external  circuit  in  the  same 
direction. 

The  length  of  the  wire  can  easily  be  increased  by  winding  it  in 
a  number  of  convolutions,  instead  of  in  a  single  rectangle,  when, 
as  a  matter  of  course,  the  e.m.f.  will  be  increased  proportionately. 
The  variation  in  the  e.m.f.  developed  by  an  ideal  alternating- 
current  dynamo  is  shown  in  fig.  126,  where  the  line  a  b  represents 
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the  normal  or  zero  potential,  the  curves  above  it  indicating  the 
gradual  rise  and  fall  of,  say,  the  positive  potential,  and  those  below 
it  the  opposite,  or  negative  potential. 

Fig.  146  exhibits,  in  a  simple  manner,  the  result  of  replacing 
the  two  metal  rings  by  a  split  tube,  or  simple  two-part  commutator. 
A  B  again  indicates  the  zero  potential,  and  the  curve  a  c  d  the 
varying  potential  developed  during  the  first  half-revolution  ;  but, 
instead  of  the  second  half  developing  in  the  external  circuit  a 
negative  potential,  it  is  commutated  into  an  external  positive  one, 
so  that  a  series  of  currents,  each  of  brief  duration,  is  urged 
through  the  external  circuit  in  one  common  direction.  The  total 
amount  of  current  generated  is,  however,  the  same  as  before, 
although  its  strength  oscillates  rapidly  between  zero  and  the 
maximum. 

Fig.  146. 


A  current  varying  so  much  in  strength  is,  however,  of  almost  as 
little  service  for  many  purposes  as  an  alternating  current ;  for, 
in  most  cases,  the  current  must  not  only  be  uniform  in  direction, 
but  constant  in  strength.  The  methods  by  which  an  almost 
steady  current  can  be  obtained  will  be  understood  more  easily 
when  studied  in  connection  with  an  armature  constructed  of  coils 
wound  on  a  somewhat  different  system.  In  fig.  147  a  ^  indicates 
the  axis  of  rotation,  and pqrs  3.  single  loop  of  wire  which  travels 
round  the  circular  path  indicated  by  the  dotted  line,  it  being 
assumed  that  a  uniform  field  is  maintained  throughout  the  whole 
of  the  space  traversed  by  the  wire.  If  we  suppose  the  lines  of 
force  of  the  field  to  be  in  the  direction  of  ^/  along,  or  parallel 
to,  a  diameter  of  this  circular  path,  then  they  will  be  cut  by  the 
coil  in  a  manner  somewhat  similar  to  that  of  the  rectangular  coil 
which  we  have  previously  considered. 

The  movement  from  the  vertical  position  through  the  first  half- 
revolution  produces  a  current  which  rises  to  a  maximum  when 
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the  coil  has  turned  through  an  angle  of  90°,  and  falls  to  zero  again 
when  the  coil  reaches  180*',  while  the  current  generated  in  the 


Fig.  147. 
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next  half-revolution  is  exactly  equal  in  strength,  at  corresponding 

positions,  though  opposite  in  direction  ;  but  it  can  be  commutated 

in  precisely  the  same  way  as  in  the  case  of  the  ordinary  rectan- 

P,^.  ,^g  gular  coil,  which  is  again 

illustrated    in    fig.    148. 

The  ends  of  both  these 

coils  are  shown  connected 

to  the  metallic  segments 

(equivalent  to  a  b  m  fig. 

145)  of  a  simple  two-part 

commutator. 

There  is,  however,  one 
great  difference  between 
the  two  methods.  No 
portion  of  the  coil  shown 
in  fig.  148  acts  prejudi- 
cially, although  the  portions  connecting  the  horizontal  limbs  are 
always  idle,  inasmuch  as  they  do  not  cut,  but  only  slide  through, 
the  lines  of  force.     With  the  coil  shown  in  fig.  147  the  case  is 
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different.  There  are  still  two  idle  connecting  lengths,  p  r  and 
g  s^  but  the  e.m.f.  induced  in  the  two  horizontal  limbs  p  q  and  rs 
is  in  the  same  direction  in  each — say  from  p  io  g  and  from  r  to 
s — because  they  always  cut  the  lines  in  a  similar  sense,  although 
at  different  rates  ;  they  therefore  act  in  opposition  to  each  other, 
each  developing  an  e.m.f.  which  strives  to  set  up  a  current  in  the 
opposite  direction  to  the  other  round  the  coil.  But  the  outer 
limb  /  q  traverses  a  greater  portion  of  the  field  and  moves  at 
a  greater  linear  velocity  than  does  r  s,  and  consequently,  as  it 
cuts  more  lines  of  force,  and  at  a  greater  speed,  than  r  s,  the 
E.M.F.  generated  by  it  is  the  greater,  the  resulting  current  round 
the  coil  being  therefore  that  due  to  the  preponderance  of  the  e.m.f. 

Fig.  149. 


of  the  limb  /  q  over  that  of  r  j.  Now,  the  lines  of  force  which  the 
outer  limb  cuts  in  excess  of  those  cut  by  the  inner  limb  are  simply 
those  which  pass  through  the  coil  when  it  is  in  the  zero  position, 
as  in  fig.  147,  and  it  is  evident  that  if  the  field  is  uniform  and  the 
coil  comparatively  small  the  lines  thus  embraced  will  be  very  few 
indeed,  and  the  use  of  iron  to  increase  their  number  immediately 
suggests  itself.  It  is  most  advantageous  to  make  the  iron  in  the 
form  of  a  ring,  as  shown  in  fig.  149,  and  cause  it  to  rotate  with 
the  coil.  The  coil  here  consists  of  two  convolutions,  and  the 
dotted  lines  indicate  the  general  direction  of  the  lines  of  force 
through  the  iron  when  it  is  placed  in  the  field  between  two  opposite 
magnet  poles.    It  must  be  clearly  understood  that  in  such  a  case 
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the  lines  of  force  will  not  rotate  with  the  ring,  but  remain  prac- 
tically fixed  in  position,  finding  new  points  of  entry  and  exit  on 
the  surface  of  the  iron  as  the  ring  rotates. 

The  effect  of  so  placing  a  ring  of  iron  in  a  magnetic  field  is 
illustrated  more  precisely  in  fig.  150.  The  apparatus  employed 
to  obtain  this  figure  consisted  of  a  quantity  of  thin  soft  iron  wire 
wound  into  a  ring,  and  placed  between  the  opposite  poles  of  two 
powerful  bar  magnets,  a  sheet  of  paper  being  laid  over  the  ring 

Fig.  150. 


and  magnet,  and  iron  filings  sprinkled  upon  it.  The  spaces  free 
from  filings  represent  those  places  where  the  permeability  of  the 
iron  is  sufficiently  high  to  prevent  any  appreciable  number  of 
lines  of  force  extending  above  the  paper  so  as  to  give  direction  to 
the  filings.  The  manner  in  which  the  lines  converge  into  the 
ring  should  be  noted,  and  it  wmU  also  be  observed  that  at  two 
places,  on  a  diameter  at  right  angles  with  the  lines,  the  magnetic 
effect  above  the  paper  is  considerable.  The  reason  for  this  is 
that  the  greatest  number  of  lines  pass  through  the  iron  at  these 
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points,  and  the  density  of  the  lines  here  is  so  great  that  the  per- 
meability is  sufficiently  reduced  to  allow  some  lines  to  leak  above 
the  paper.  Comparatively  few  lines  pass  diametrically  across  the 
interior  of  the  ring,  about  half  of  them  going  through  the  upper 
and  half  through  the  lower  part  of  it.  Consequently  the  inner 
limb  of  the  coil  (fig.  149),  if  wound  over  and  rotated  with  such  a 
ring,  would  cut  but  very  few  lines,  and  the  resulting  E-M.!-'.  would 
be  practically  that  developed  by  the  outer  limb  alone. 

In  the  case  illustrated  in  fig.  149  only  one-half  of  the  total 
number  of  lines  of  force  urged  through  the  iron  can,  at  any  one 
time,  pass  through  the  coil,  and  some  device  is  therefore  necessary 
to  enable  the  other  half  to  be  utilised.     Now,  since  the  induced 

Fig.  151. 


E.M.F.  will  be  the  same  in  any  given  position  after  the  coil  has 
passed  the  point  situated  180°  from  zero  as  it  was  in  the  corre- 
sponding position  after  it  had  passed  the  zero  point,  it  is  clear 
that  a  second  coil  might  with  advantage  be  placed  at  the  opposite 
extremity  of  a  diameter  of  the  circular  path  described  by  the  coil. 
We  will  assume  that  the  limbs  on  the  outer  periphery  alone  are 
active,  and  it  will  be  seen  that  if  the  induced  current  flows  from 
front  to  back  in  the  outer  limb  of  the  upper  coil,  it  will  flow  from 
back  to  front  in  the  outer  limb  of  the  lower  coil,  because  these 
limbs  always  cut  the  lines  from  opposite  sides,  viz.  one  from 
above  and  the  other  from  below.  The  e.m.f.  is,  however,  at  any 
moment  equal  in  each,  and,  by  joining  the  two  ends  which  are  at 
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a  positive  potential  to  one  segment  and  the  two  ends  which  are 
at  a  negative  potential  to  the  other  segment,  both  coils  are  made 
to  deliver  their  currents  in  the  same  direction  to  the  external 
circuit. 

Fig.  151  illustrates  the  arrangement  for  employing  two  such 
coils  ;  they  are  similarly  wound  (right-handedly  in  this  case),  and 
their  adjacent  ends  are  joined  to  the  same  section  of  the  commu- 
tator. Now,  as  they  are  at  opposite  extremities  of  a  diameter, 
they  pass  at  every  moment  through  parts  of  the  field  where  they 
act  with  equal  effect,  and  therefore,  as  already  pointed  out,  the 
E.M.F.  will  be  the  same  at  the  extremities  of  each  coil.  Since  the 
ends  of  the  two  coils,  which  are  at  the  same  e.m.f.,  are  joined  to 
the  same  segment  of  the  commutator,  the  e.m.f.  due  to  both  coils 
is  only  the  same  as  that  produced  by  one  of  them,  and  the  current 
will  rise  and  fall  in  precisely  the  same  manner  as  with  a  single 
coil.  It  is,  in  fact,  an  exactly  analogous  case  to  that  of  joining 
two  primary  cells  of  equal  e.m.f.  in  parallel.  There  is  also  the 
corresponding  advantage  here  that  because  the  coils  are  joined  in 
parallel  the  internal  resistance  between  the  two  segments  is  only 
half  that  of  one  coil,  and,  as  we  have  seen,  any  arrangement  that 
so  reduces  the  internal  resistance  of  a  current  generator  is  some- 
times very  valuable.  By  increasing  the  number  of  turns  in  the 
coils  we  can  increase  the  e.m.f.,  because  a  greater  number  of 
conductors  in  series,  round  the  periphery,  are  then  usefully  cutting 
lines  of  force  ;  but,  of  course,  the  number  must  be  exactly  the 
same  in  each  coil.  In  figs.  149  and  151  it  will  be  observed  that 
there  are  two  active  conductors  to  each  coil. 

We  are  now  in  a  position  to  proceed  with  the  consideration  of 
a  method  for  making  the  short  fluctuating  currents  depicted  in 
fig.  146  approach  more  nearly  to  a  continuous  steady  current. 
These  short  currents  are  at  a  minimum  when  the  coils  are  at  right 
angles  to  the  lines  of  force,  or  at  that  point  where  the  reversal  of 
the  induced  current  takes  place,  and  it  is  evident  that  if  a  second 
pair  of  coils  be  placed  at  right  angles  to  this  existing  pair,  as  in 
fig.  152,  they  will  always  lie  parallel  to  the  lines  of  force,  or  be  in 
the  position  of  best  action,  just  at  the  moment  when  the  first  pair 
are  almost  idle.  But  it  now  becomes  necessary  to  divide  the 
commutator  into  four  parts,  all  the  coils  being,  of  course,  similarly 
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wound,  and  the  adjacent  ends  of  adjacent  pairs  connected  to  the 
same  segment  of  the  commutator.  When  only  two  segments  are 
employed,  the  brushes,  as  we  have  observed,  are  placed  so  that 
the  divisions  of  the  commutator  pass  them  just  at  the  moment 
when  the  coils  are  at  right  angles  to  the  lines  of  force,  and  when 
they  are  almost  idle.  In  the  present  case,  with  four  coils,  the 
brushes  must  also  be  placed  so  that  the  division  between  each 
pair  of  segments  on  the  commutator  passes  a  brush  when  the  coil 
connected  to  that  pair  of  segments  is  in  the  position  of  least 
activity,  viz.  with  its  plane  at  right  angles  to  the  lines  of  force. 
We  shall  see  presently  that  there  are  several  causes  which  combine 


to  slightly  vary  this  particular  position,  although  it  can  always  be 
found. 

In  fig.  152  the  brushes  are  indicated  by  dotted  lines,  and  are 
shown  slightly  out  of  what  we  have  hitherto  considered  to  be  their 
correct  position.  Supposing  the  lines  of  force  to  pass  straight 
across  from  one  pole-piece  to  the  other,  the  currents  in  the  various 
coils  would  flow  in  the  direction  indicated  by  the  arrows,  and  the 
resulting  current  could  be  led  from  the  armature  to  the  external 
circuit  by  the  upper  brush  Bi  ,  entering  the  armature  again  by  the 
lower  brush  Bj.  The  two  horizontal  coils  d  and  e  are  in  the  posi- 
tion of  greatest  activity,  while  the  vertical  coils  a  and  c  are  almost 
idle,  and  merely  serve  to  conduct  the  current  generated  by  the 
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active  coils  to  that  segment  of  the  commutator  which  the  brush  is 
touching.  A  moment  later  a  and  c  will  each  begin  to  generate  a 
current  in  the  opposite  direction  to  the  one  now  flowing  in  them, 
but  as  by  that  time  they  will  have  passed  the  brushes,  their  oppo- 
site ends  will  now  be  in  contact  with  these  same  brushes,  and  the 
direction  of  the  current  in  the  external  circuit  will  remain  unaltered. 
When  the  plane  of  each  of  the  four  coils  makes  an  angle  of  45° 
with  the  lines  of  force,  they  are  all  equally  active  (although  the 
activity  of  no  one  coil  is  so  great  as  that  of  the  coils  E  and  d 
while  they  are  in  the  best  position,  as  shown  in  fig.  152),  and  the 
E.M.F.  at  the  brushes  is  twice  that  which  is  at  that  moment  being 
developed  by  one  coil. 

The  resulting  E.M.F.,  due  to  the  joint  effect  of  the  double 
instead  of  the  single  pair  of  coils,  is  still  far  from  constant,  and,  as 

Fig.  153. 


before,  we  must  determine  at  what  positions  of  the  coils  this  re- 
sulting E.M.F.  is  at  a  maximum  and  where  it  becomes  a  minimum. 
The  curve  (fig.  146)  illustrates  the  variation  of  the  e.m.f.  due  to 
one  coil  or  one  pair  of  coils,  and  as,  when  this  e.m.f.  is  highest, 
that  of  the  second  pair  of  coils  is  lowest,  and  vice  versdy  the  re- 
lative magnitude  of  the  e.m.f.  generated  by  two  pairs  of  coils  at 
different  positions  may  be  indicated  by  the  overlapping  curves  in 
fig.  153.  From  this  we  wish  to  construct  a  curve  which  shall  show 
how  the  E.M.F.  at  the  brushes  due  to  the  effect  of  both  pairs  of  coils 
varies.  Now,  twice  during  each  revolution  one  of  the  two  pairs 
is  for  the  moment  acting  alone,  and,  consequently,  the  e.m.f.  at 
the  brushes  is  simply  that  due  to  this  pair,  and  is  proportional  to 
the  length  of  the  perpendicular  line  o  a.  At  this  moment  the 
E.M.F.  at  the  brushes  is  at  its  lowest  value,  and  the  length  of  this 
line  o  A  determines  the  lowest  point  on  the  curve  which  we 
desire  to  construct.  Immediately  after  this  point  is  passed  both 
pairs  are  acting  together,  the  activity  of  one  increasing  and  that 
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of  the  other  decreasing.  At  a  certain  stage  they  will  be  acting 
with  exactly  equal  effect,  and  this  stage  is  indicated  by  the  inter- 
section of  the  two  curves  in  b  ;  it  occurs,  as  we  have  seen,  at 
the  moment  when  each  coil  makes  an  angle  of  45°  with  the  lines 
of  force.  To  obtain,  therefore,  the  resulting  e.m.f.  at  the  brushes, 
we  must  add  together  these  two  equal  e.m.f.'s  ;  consequently, 
twice  the  length  of  the  line  c  b  must  be  taken  as  the  height  of 
this  the  highest  point  in  the  new  curve.  When  the  coils  have 
rotated  through  another  45®,  one  pair  is  again  idle  and  the  other 
at  its  maximum  activity,  so  that  we  again  reach  the  lowest  point 
of  the  curve.  The  curve  so  constructed  is  shown  in  fig.  154,  and  it 
indicates  the  manner  in  which  the  total  e.m.f.  at  the  commutator 
brushes  fluctuates  when  the  armature  consists  of  two  pairs  of  coils 
arranged  as  in  fig.  152.     The  resulting  current  will  also  fluctuate 


Fig.  154. 
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similarly,  depending  in  strength  upon  the  gross  resistance  in  the 
circuit. 

It  is  obvious  that  the  variation  in  the  e.m.f.  can  be  further 
diminished  by  the  employment  of  a  yet  greater  number  of  pairs 
of  coils  in  the  armature,  provided  that  they  are  placed  so  that  each 
pair  comes  into  the  position  of  best  action  at  the  moment  when 
the  resulting  e.m.f.,  without  their  individual  aid,  would  be  at  a 
minimum. 

For  instance,  a  coil  might  be  placed  exactly  midway  between 
each  of  those  wound  on  the  armature  shown  in  fig.  152  ;  that 
armature  would  then  consist  of  eight  coils  in  four  pairs,  and  the 
commutator  of  eight  bars  or  segments  (fig.  155).  The  black 
portions  of  the  circle  represent  the  metallic  segments,  the  white 
spaces  between  them  indicating  the  insulating  material.  The 
current  from  such  an  armature  would  be  far  more  steady  than  one 
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from  the  four-coil  armature ;  in  fact,  it  may  be  stated  generally 
that  the  greater  the  number  of  coils  composing  the  armature,  the 
less  the  fluctuation  of  the  current.  Of  course  there  is  a  practical 
limit  to  the  number  of  coils  ;  for  instance,  the  commutator  with 
this  kind  of  armature  must  have  as  many  segments  as  the  arma- 
ture has  single  coils  or  sections,  and  its  construction  and  the 
making  of  the  necessary  connections  would  be  difficult  and 
expensive  if  the  number  were  excessively  increased. 

It  will  be  observed  that  in  fig.  155  the  whole  armature  con- 
ductor is  wound  continuously  round  the  core ;  it  is  divided  into 
sections  having  four  convolutions  each,  and  a  connecting  wire  is 
led  from  the  junction  of  every  two  adjacent  sections  to  the  proper 
segment  of  the  conmiutator.  The  result  is  of  course  the  same  as 
if  the  ends  of  each  section  were  brought  direct  to  the  commutator 
segment,  while  the  actual  length  of  the  armature  conductor,  and 
therefore  the  resistance,  is  slightly  reduced.  In  the  following 
chapter  several  illustrations  will  be  given  of  the  way  in  which  these 
commutator  connections  are  effected  in  ordinary  practice. 

In  order  to  increase  the  e.m.f.  developed  in  a  given  field  at  a 
given  speed,  we  must  increase  the  number  of  conductors  on  the 
outer  periphery  of  the  armature,  which  can  be  done  by  adding  to 
the  number  of  convolutions,  although  this  also  increases  the  in- 
ternal resistance.  In  the  armature  illustrated  there  are  thirty-two 
active  portions  of  the  wire  round  the  whole  external  periphery,  but 
as  they  are  joined  up  in  two  sets  in  parallel,  the  total  e.m.f.  is 
only  sixteen  times  that  of  one  active  portion. 

If  we  know  the  number  of  active  conductors  joined  in  series 
and  the  numl:)er  of  lines  of  force  which  they  cut  per  second,  it  is 
easy  to  calculate  the  resulting  e.m.f.  The  e.m.f.  developed  at  any 
moment  by  any  particular  conductor  moving  circularly  in  a  uniform 
field  varies  with  its  position,  and  is,  as  we  have  seen  (Chapter  VIII.), 
proportional  to  the  cosine  of  the  angle  which  the  plane  of  the 
coil  of  which  it  forms  a  part  makes  with  the  lines  of  force ;  or  to  the 
sine  of  the  angle  through  which  the  coil  has  turned  from  its  posi- 
tion at  right  angles  to  the  lines  of  force.  But  we  need  not  now 
trouble  ourselves  with  this  consideration,  for,  in  a  symmetrically 
constructed  armature  of  many  convolutions,  the  place  of  each 
conductor  as  it  moves  to  a  position  of  greater  or  less  activity  is 
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immediately  filled  by  another,  and  the  total  e.m.f.  remains  un- 
altered. Since  each  active  length  undergoes  precisely  the  same 
inductive  effects,  the  average  e.m.f.  induced  in  each  is  the  same, 
and  the  total  e.m.f.  will  be  equal  to  the  number  of  active  con- 
ductors round  one-half  of  the  armature  multiplied  by  the  average 
E.M.F.  developed  by  one  of  them  during  half  a  revolution. 

Supposing  the  armature  to  consist  of  forty-eight  convolutions 
and  the  average  e.m.f.  developed  by  one  of  the  active  limbs  to  be 
2  volts,  then  the  whole  e.m.f.  would  be  2  x  24=48  volts. 

The  average  e.m.f.  developed  by  each  active  conductor  de- 
pends upon  the  speed  at  which  it  moves,  and  the  number  of  lines 
cut  by  it ;  in  fact,  we  have  seen  that  if  a  wire,  one  centimetre  long, 
is  moved  at  a  velocity  of  one  centimetre  per  second  transversely 

Fig.  155. 


through  a  field  of  unit  strength  (that  is,  a  field  having  one  line  of 
force  per  square  centimetre),  then  the  resulting  e.m.f.  will  be 
equal  to  one  c.g.s.  unit.  This  unit  being  so  very  small,  the  volt 
is  taken  for  practical  use,  having  a  value  10*  or  100,000,000  times 
that  of  the  C.G.S.  unit.  So  that  after  calculating  e.m.f.  in  c.g.s. 
units,  the  result  must  be  divided  by  10**  to  obtain  the  e.m.f.  in 
volts. 

It  is  preferable  to  consider  the  number  of  lines  cut  per  second, 
which  number  can  always  be  found,  and  then  we  need  not  know 
the  length  of  the  conductor  or  the  intensity  of  the  field  in  c.g.s. 
units,  nor  need  any  difficulty  arise  even  if  the  field  be  not  uniform. 
Referring  again  to  fig.  155,  suppose  there  are  16,000  lines  of  force 
forced  through  the  armature  core,  these  lines  will  all  be  cut  twice 
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by  each  conductor  during  one  complete  revolution.  If  the 
armature  makes  one  revolution  per  second,  each  conductor  will 
cut  32,000  lines  per  second  and  generate  an  average  electro-motive 
force  of  32,000  c.G.s.  units.  And  as  there  are  sixteen  conductors 
in  series,  the  total  average  e.m.f.  as  measured  at  the  brushes  will 
be  16  X  32,000 =5 1 2,000  c.G.s.  units,  or 

512'^^-^=  -005  volt  nearly. 
10" 

If  the  armature  made  ten  revolutions  per  second,  the  e.m.f.  would 
be  ten  times  greater  (i.e.  005  volt),  because  each  conductor 
would  now  cut  ten  times  the  number  of  lines  per  second. 

In  fact,  we  may  say  that  the  average  e.m.f.  generated  in  an 
armature  of  this  description  is  equal  to 

N  X  ^  X  2«,  that  is,  N  p  w  c.G.s.  units, 
2 

or  average  e=       f  volts, 

10" 

where  n  is  the  total  number  of  lines  of  force  urged  through  the 
armature  core  ;  p  the  total  number   of  active  conductors  lying 

p 
round  the  periphery,  and    -,  therefore,  the  number  in  series ;  n 

the  number  of  revolutions  per  second,  and  2;/,  therefore,  the 
number  of  times  per  second  which  the  whole  of  the  lines  are  cut 
by  each  conductor. 

The  E.M.F.  obtained  in  the  last  example  (0*05  volt)  is  very 
low,  because  we  assumed  a  rather  low  speed  and  few  lines  of  force. 
In  practice  it  is  not  unusual  to  force  several  millions  of  lines 
through  the  armature  core.  Supposing  the  number  to  be  3,000,000, 
and  the  number  of  conductors  round  the  periphery  to  be  150,  then 
if  the  armature  is  driven  at  1,200  revolutions  per  minute,  or  20  per 
second,  the  e.m.f.  developed  would  be 

3,000,000  X  1 50  X  20  ,^ 

•5» — ' p.  =90  volts. 

100,000,000 

The  above  is  a  fair  example  of  what  obtains  in  actual  practice, 
and  the  student  will  readily  perceive  that  it  is  necessar}'  for  the 
quantity  of  iron  in  the  armature  core  to  be  considerable,  otherwise 


Digitized 


by  Google 


CBAP.  IX.  Gramme  Armature  311 

with  such  a  large  number  of  lines  of  force  the  magnetic  induction 
through  it  (that  is,  the  number  of  lines  per  square  centimetre) 
would  be  abnormally  high.  We  know  that  the  permeability  of 
iron  decreases  rapidly  when  the  induction  through  it  exceeds  a 
certain  amount,  and  then  a  large  number  of  the  lines  leak  dia- 
metrically across  the  ring  instead  of  taking  the  path  indicated  in 
fig.  151,  many  of  them  passing  across  the  steel  driving  shaft,  the 
permeability  of  which  may  be  equal  to  that  of  the  *  saturated  '  iron. 

Now,  as  these  lines  of  force  thus  leaking  across  the  ring  are 
cut  by  the  inner  portions  of  the  conductor  (equivalent  to  r ^  in 
fig.  147)  and  act  prejudicially,  inasmuch  as  the  k.m.f.  generated  by 
the  inner  wires  in  cutting  them 
is  reverse  to  the  main  e.m.f.,  it  ^^^'  's6. 

is  evidently  inadvisable  for  this 
reason,  if  for  no  other,  to  en- 
deavour to  push  the  induction 
too  far.  As  a  rule  the  limit  is 
from  16,000  to  18,000  lines  per 
square  centimetre,  and  if  more 
lines  through  the  core  are 
needed,  either  the  area  must  be 
increased  or  iron  of  higher  per- 
meability employed.  The  for- 
mer necessarily  entails  a  greater 
length  of  conductor.  It  is  evi- 
dent that  in  an  armature  of  the 

type  we  are  considering,  the  iron  of  which  the  core  is  made 
should  be  of  the  highest  possible  peniieability,  while  the  quantity 
of  iron  or  steel  used  inside  the  ring  should  be  as  small  as  possible 
to  minimise  the  tendency  to  cross -leakage.  This  latter  considera- 
tion implies  that  iron  should  not  be  employed  for  the  purpose  of 
mechanically  connecting  the  ring  to  the  driving  shaft.  In  practice, 
gun-metal  or  some  other  non-magnetic  alloy  is  used. 

The  first  armature  on  this  principle  was  constructed  by 
Pacinotti,  but  it  remained  unnoticed  until  the  essential  features 
had  Ixien  combined  in  a  slightly  different  form  by  Gramme. 

Fig.  156  illustrates  the  construction  of  an  early  form  of  Gramme 
armature,  the  core  being  shown  cut  through,  and  some  of  the  coils 
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displaced  to  make  it  clearer.  The  core,  f,  consists  of  a  quantity 
of  iron  wire  wound  continuously  to  form  a  ring  of  the  shape  shown 
by  the  section.  Over  this  is  wound  about  thirty  coils  of  insulated 
copper  wire,  bod,  &c.,  the  direction  of  the  winding  of  each  being 
the  same,  and  their  adjacent  ends  connected  together.  The 
commutator  segments  consist  of  a  corresponding  number  of  brass 
angle-pieces,  m  n^  which  are  fixed  against  the  wooden  boss,  ^, 
carried  on  the  driving  shaft. 

The  junction  of  every  two  adjacent  coils  is  connected  to  one 
of  the  commutator  segments,  as  shown,  and  in  the  completed 
machine  two  flat  brushes  of  copi^r  wire  would  be  pressed  against 
the  projecting  ends  of  the  segments,  and  serve  to  deliver  the 
current  to  the  external  circuit.  The  latest  forms  of  this  armature, 
although  identical  in  principle,  are  far  superior  from  a  mechanical 
point  of  view ;  in  fact,  the  armature  here  illustrated  would  fly 
to  pieces  if  subjected  to  the  stresses  which  occur  in  a  modern 
machine. 

It  is  necessary  that  the  commutator  bars  should  be  firmly  held 
in  position,  that  the  wire  should  be  bound  or  by  some  means 
fixed  so  as  to  prevent  its  being  shifted,  and  that  the  core  and 
with  it  the  coils  should  be  firmly  secured  to  the  driving  shaft.  As 
far  as  possible  it  will  be  shown,  in  describing  the  best  types  of 
machines,  how  these  points  arc  attended  to  in  practice.  Especial 
care  must  be  taken  to  prevent  the  generation  of  eddy  currents  in 
the  core,  and  this  was  Gramme's  reason  for  using  rather  fine 
wire  instead  of  a  solid  ring.  We  have  previously  remarked  that 
the  E.M.F.  which  gives  rise  to  these  eddy  currents  is  very  low 
(although  the  current  strength  may  be  considerable,  because  the 
large  mass  of  metal  involved  off*ers  little  resistance),  and  that, 
therefore,  the  merest  film  of  insulation  between  neighbouring 
wires  of  the  core  is  sufficient.  Except  in  special  cases  a  coating 
of  shellac  varnish,  or  even  a  coating  of  rust,  is  all  that  is  required, 
and  it  should  be  borne  in  mind  that  the  space  occupied  by  insu- 
lation should  always  be  as  small  as  possible,  so  as  to  allow  the 
maximum  amount  of  iron  to  be  used  in  a  given  space.  If  the 
armature  is  rotated  in  a  simple  field  between  two  pole-pieces,  it 
is  not  necessary  to  subdivide  the  core  to  the  extent  adopted  in 
the  earlier  Gramme  machines,  for  since  the  direction  of  the  eddy 
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currents  is  at  right  angles  to  the  hnes  of  force  and  to  the  direction 
in  which  the  core  moves,  there  will  be  no  tendency  for  them  to 
flow  in  a  radial  direction,  but  only  along  lines  parallel  to  the 
driving  shaft.  Therefore  the  core  may  be  simply  laminated,  or 
built  up  of  a  number  of  thin  discs  of  soft  iron,  thus  giving  better 
facilities  for  mechanical  connection  with  the  shaft,  and  also  re- 
ducing the  magnetic  resistance  considerably.  In  entering  or 
leaving  the  interior  of  the  wire  core,  the  lines  of  force  have  to 
leap  across  numerous  little  spaces  of  low  permeability,  while  in 
the  case  of  a  core  built  up  of  discs,  not  only  is  the  mass  of  iron 
greater,  but  it  is  also  continuous  in  the  direction  of  the  lines,  and 
discontinuous  only  in  the  path  which  would  be  taken  by  the  eddy 
currents. 

Returning  now  to  a  consideration  of  the  phenomena  developed 
by  the  actual  rotation  of  the  armature,  we  may  repeat  that  the 
brushes  must  be  so  placed  that  every  division  between  the  segments 
of  the  commutator  passes  under  a  brush  just  at  that  moment 
when  the  coil,  the  ends  of  which  are  connected  to  those  segments, 
is  idle.  Now  this  happens  when  the  plane  of  the  coil  is  at  right 
angles  to  the  lines  of  force,  so  that  if  the  lines  of  force  always 
retained  their  regular  straight  direction  between  the  poles  of  the 
field  magnet,  or  even  if  they  curved  regularly  through  the  iron 
core  as  indicated  in  fig.  151,  it  would  be  easy  to  fix  the  correct 
position  for  the  brushes.  But,  unfortunately,  the  field  is  consider- 
ably distorted  immediately  the  armature  is  caused  to  rotate  and 
the  current  established.  This  distortion  is  due  to  the  fact  that 
the  armature  itself  becomes  a  powerful  electro-magnet,  having 
lines  of  force  which  are  not  coincident  with  those  of  the  field 
magnets. 

The  two  halves  of  the  core  are,  as  a  matter  of  fact,  magnetised 
by  the  currents  passing  round  them,  and  in  such  a  manner  that 
their  similar  poles  are  adjacent  to  each  other  and  situated  at  the 
points  where  the  two  currents  enter  and  leave  the  external  circuit. 
Now,  if  two  semicircular  magnets  of  equal  strength  are  placed  so 
as  to  form  a  circle  with  their  unlike  poles  adjacent,  they  form 
a  complete  closed  magnetic  circuit,  nearly  all  the  lines  of  force 
taking  the  path  of  the  iron  or  steel,  and  there  is  consequently  very 
little  external  magnetic  effect  observable.    But  if  these  same  semi- 
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circular  magnets  are  placed  with  their  like  poles  adjacent,  there  is 
abundant  external  evidence  of  the  magnetic  strength  of  the  com- 
bination. The  circle  acts,  indeed,  as  if  it  were  a  single  magnet, 
the  distance  between  its  poles  being  the  length  of  the  diameter. 
Some  of  the  lines  of  force  find  their  way  back  across  the  diameter 
to  the  opposite  pole,  while  others  pass  round  outside  the  circle,  a 
much  larger  proportion  taking  this  course  when,  as  in  the  case  of 
a  dynamo,  there  are  large  masses  of  iron  in  the  vicinity. 

The  position  of  the  brushes  determines  the  position  of  the 
poles  of  the  armature,  since  they  form  the  meeting  points  for  the 
currents  in  the  two  halves  of  the  armature,  and  when  the  brushes 
are  placed  on  a  diameter  at  right  angles  to  the  lines  of  force  of 
the  field,  these  poles  are  also  at  right  angles  to  those  lines  of 
force. 

It   is  manifest  that  as  the  tendency  is  for  the  armature  to 
generate    a    magnetic   field    in   one 
10.157.  _      (jirection,   while    the    field    magnets 

strive  to  maintain  one  in  another,  the 
direction  of  the  resultant  field  must 
lie  between  the  two,  the  exact  position 
depending  to  a  great  extent  upon  the 
relative  magnetising  forces  of  the 
armature  and  field  magnets.  Were  these  relative  forces  known,  the 
direction  of  the  field  might  be  determined  approximately  by  the 
well-known  *  parallelogram  of  forces  '  (see  fig.  157).  In  this  case 
the  line  a  b  represents  by  its  position  the  direction,  and  by  its  length 
the  magnitude,  of  the  magnetising  force  due  to  the  field  magnets 
alone,  while  the  line  b  c,  drawn  at  right  angles  to  a  b,  represents 
the  direction  and  force  of  the  field  due  to  the  armature.  Then 
the  diagonal  b  d  of  the  completed  parallelogram  represents  both 
in  magnitude  and  direction  the  resulting  magnetic  field.  Now 
the  brushes  must  be  set  on  a  diameter  at  right  angles  lo  these 
resulting  lines  of  force.  Hence  this  shifting  of  the  field  due  to 
the  reaction  of  the  armature  necessitates  also  the  shifting  of  the 
brushes  through  a  corresponding  angle,  equal,  in  fact,  to  the  angle 

DBA. 

I'his  altered  position  of  the  brushes  is  commonly  known  as 
the  lead  given  to  them,  and  the  angle  through  which  they  are 


Digitized 


by  Google 


Angle  of  Lead 


315 


moved  is  known  as  the  angle  of  lead.  In  every  dynamo  the  lead 
is  forward,  or  in  the  direction  of  the  rotation  of  the  armature.  But 
the  parallelogram  of  forces  referred  to  above  does  not  exactly 
indicate  the  true  angle,  because  immediately  a  lead  is  given  to  the 
brushes  the  polarity  of  the  armature  is  shifted  through  a  corre- 
sponding angle,  the  result  being  to  still  further  distort  the  field 
and  again  increase  the  angle  of  lead.  It  will  be  evident  that 
if  we  wish  to  reduce  the  angle  d  r  a  (fig.  157),  it  can  be  done 
by  decreasing  b  c  or  increasing  a  b,  which  in  either  case  would 
result  from  making  the  magnetising  force  of  the  field  magnets 

Fig.  158- 


great  as  compared  with  that  of  the  armature.  Practice  also  dic- 
tates, for  this  and  for  other  reasons,  that  the  magnetic  field  in 
which  the  armature  revolves  should  be  as  strong  as  possible,  and 
always  very  much  stronger  than  that  developed  by  the  armature 
itself.  In  fig.  158  is  illustrated  the  direction  of  the  resultant  field 
of  a  dynamo  when  the  armature  is  revolving  in  the  direction 
indicated  by  the  arrow,  and  is  generating  a  current.  It  will  be 
observed  that  the  lines  of  force,  ;/x,  ns^  are  considerably  distorted 
or  dragged  out  of  their  normal  position,  and  that  this  distortion 
takes  place  in  the  direction  of  rotation.     The  lines  which  cross 
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the  space  inside  the  armature  ring  indicate  the  direction  of 
leakage. 

When  the  external  resistance  through  which  a  dynamo  is 
working  is  varied,  the  current  in  the  armature,  and  therefore  the 
fiqld  produced  by  it,  also  varies  ;  the  same  cause  may  also  alter 
the  field  produced  by  the  field  magnets  if  the  machine  is  *  self- 
exciting,*  and  consequently  in  practice  the  angle  of  lead  sometimes 
varies  considerably.  If  the  effective  fields  produced  by  the  field- 
magnets  and  the  armature  were  varied  in  the  same  proportion,  the 
angle  of  lead  would  remain  constant ;  but  we  shall  see  presently 
that  because  (among  other  things)  the  induction  through  and  the 
permeability  of  the  field -magnet  and  armature  cores  do  not  vary 
together,  this  proportion  is  not  maintained,  although  the  currents 
producing  those  fields  may  be  equally  increased  or  diminished. 
Too  much  stress  cannot  be  laid  upon  the  necessity  for  setting  the 
brushes  in  the  proper  position,  and  to  facilitate  matters  they  are 
usually  mounted  on  an  insulating  rocker  so  that  they  may  be 
shifted  together  through  a  considerable  angle  until  the  correct 
position  is  found. 

When  the  field  is  a  simple  one,  such  as  that  between  the  two 
poles  of  a  magnet,  and  providing  it  is  also  uniform,  the  brushes 
are  placed  at  opposite  extremities  of  a  diameter  of  the  commutator, 
no  matter  what  the  angle  of  lead  may  be. 

When  the  brushes  are  not  properly  adjusted,  the  coils  are 
short-circuited  while  they  are  more  or  less  active,  and  considerable 
sparking  occurs  at -the  commutator,  injuring  that  important  part 
of  the  machine,  and  giving  evidence  of  wasted  energy. 

Practically  the  best  position  of  the  brushes  can  be  found  by 
shifting  them  while  the  machine  is  running  (the  external  circuit 
being  at  the  time  completed)  until  there  is  very  little  or  no  spark- 
ing observable  ;  and  it  is  found  that  they  must  be  set  even  a  little 
further  ahead  than  the  point  where  they  are  at  right  angles  to  the 
direction  of  the  resultant  lines  of  force.  This  slight  extra  lead  is 
necessitated  by  the  rather  peculiar  and  important  action  which 
takes  place  in  a  coil  as  it  passes  a  brush.  The  brush  has  a 
sufficiently  wide  bearing  on  the  commutator  to  bridge  over  the 
interval  between  the  two  segments  and  so  to  short-circuit  the  coil 
attached  to  them,  for  a  brief  interval  of  time  ;  and  although  this 
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may  take  place  when  the  coil  is  in  itself,  as  a  generating  coil, 
almost  inactive,  it  must  be  remembered  that  it  has  considerable 
self-induction,  consisting  as  it  does  of  a  number  of  convolutions 
of  wire  wrapped  round  a  comparatively  large  mass  of  soft  iron. 
We  have  considered  at  length  the  reasons  which  prevent  a 
current  being  suddenly  started  or  stopped  in  any  circuit  which 
has  an  appreciable  amount  of  self-induction,  from  which  it  is 
evident  that,  although  the  coil  itself  may  not  be  actually  generating 
any  current,  yet  it  is  carrying  the  whole  of  the  current  generated 
by  the  other  coils  in  the  same  half  of  the  ring,  and  when  short- 
circuited  by  the  brush  this  current  will  not  immediately  die  out, 
but  will  become  even  stronger  for  a  moment  and  then  expire. 
Independently  of  this  it  is  impossible  in  practice  to  attain  the 
theoretical  condition  of  each  coil  being  absolutely  idle  even 
for  the  briefest  possible  interval  during  which  the  coil  might  be 
short-circuited  ;  and  although  the  e.m.f.  generated  when  the  coil 
is  least  active  may  be  very  small,  yet  the  resistance  is  as  a  rule  so 
extremely  low,  being  but  a  small  fraction  of  an  ohm,  that  the 
current  strength  when  the  coil  is  short-circuited  becomes  perforce 
considerable.  The  energy  of  currents  so  circulating  round  the 
coils  while  they  are  in  turn  short-circuited,  is  expended  in  heating 
the  wire,  and  this  effect  must  be  remembered  as  one  of  the  many 
causes  which  necessitate  special  attention  being  paid  to  ventilation 
in  designing  a  dynamo  armature.  Ventilation  does  not  of  course 
prevent  the  generation  of  heat  and  consequent  waste  of  energy,  but 
it  facilitates  dissipation  and  thereby  tends  to  keep  the  temperature 
from  rising  to  a  dangerous  point. 

To  ensure  the  entire  stoppage  of  the  current,  and  also  even  to 
allow  sufficient  time  for  a  current  in  the  opposite  direction  to  be 
just  started  in  the  coil  before  it  is  actually  thrown  into  circuit 
again  in  the  other  half  of  the  armature,  it  is  advantageous  to  have 
the  brushes  rather  thick  and  to  give  them  the  slight  extra  lead 
above  referred  to. 

But  much  can  be  done  to  reduce  the  angle  of  lead,  and 
minimise  sparking,  by  making  the  field  very  strong,  and  construct- 
ing the  armature  with  many  sections,  each  of  few  convolutions. 
Further,  although  it  involves  an  increase  in  the  magnetic  resistance, 
and  therefore  necessitates  an  increase  in  the  magneto-motive  force 
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developed  by  the  field-magnet  coils,  it  is  distinctly  advantageous, 
so  far  as  the  reduction  of  sparking  is  concerned,  to  design  a 
machine  so  that  the  value  of  B,  or  the  intensity  of  magnetisa- 
tion in  the  armature  core,  shall  be  considerable,  because  then  the 
permeability  of  the  iron  becomes  considerably  reduced,  and  the 
self-induction  of  any  one  coil  is  much  less  than  it  would  be  if 
wound  over  a  similar  mass  of  more  feebly  magnetised  iron.  In 
many  machines  each  section  consists  of  but  one  convolution,  and 
the  brushes  can  easily  be  adjusted  so  that  absolutely  no  sparking 
can  be  observed,  while,  the  field-magnets  being  very  powerful,  the 
angle  of  lead  is  very  small,  even  when  the  armature  is  carrying  its 
maximum  current.  In  such  a  case  the  armature  current  may  vary 
considerably  without  necessitating  any  readjustment  of  the 
brushes,  such  as  becomes  necessary  with  badly  designed  machines, 
in  which  the  brushes  have  to  be  rocked  forward  directly  the  arma- 
ture current  increases  slightly  in  strength,  and  backward  when  it  is 
diminished. 

It  will  be  remembered  that  we  commenced  the  Study  of  the 
direct-current  dynamo  with  the  aid  of  a  simple  rectangular  coil 
(fig.  123),  but  that  subsequently,  to  make  the  development  of  the 
subject  easier,  a  different  system  of  winding  was  introduced, 
leading  up  to  the  Gramme  armature.  We  are  now  in  a  position  to 
comprehend  more  readily  the  manner  in  which  excellent  arma- 
tures, commonly  known  as  *drum'  armatures,  are  constructed 
upon  the  principle  of  the  rectangular  coil  first  mentioned.  The 
drum  armature  is  really  a  natural  development  of  the  shuttle 
armature  so  much  used  in  small  magneto  machines.  This  shuttle 
armature,  consisting,  as  it  does,  of  only  one  coil  of  many  turns,  the 
ends  of  the  coil  being  joined  one  to  each  segment  of  a  simple  two- 
part  commutator,  gives  a  current  fluctuating  from  maximum  to  zero 
twice  in  each  revolution,  and  greater  steadiness  was  aimed  at  and 
obtained  by  placing  a  number  of  coils  symmetrically  round  the 
core ;  in  just  the  same  way  that  a  considerable  number  of  coils 
wound  on  the  Gramme  principle  yield  a  more  nearly  constant 
current  than  would  result  from  a  single  coil  or  a  pair  of  coils.  A 
drum  armature  is  somewhat  more  difficult  to  construct  and  to 
illustrate,  and  although  the  fundamental  principle  is  in  all  cases 
that  just  indicated,  there  are  many  ways  of  making  the  necessary 
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connections,  some  of  which  will  be  described  when  dealing  with 
actual  machines. 

The  general  principle  may  be  gathered  from  fig.  159,  where 
only  two  adjacent  sections  are  shown,  each  having  one  turn.  The 
core  is  shaped  like  a  cylinder,  or  drum  ;  a  commutator,  similar 
to  those  already  described,  being  mounted  at  one  end  of  the 
shaft.  From  one  segment  the  first  coil  ascends  up  the  face  of  the 
drum  to  <j,  thence  lengthways  along  the  cylinder  to  ^,  whence  it 
passes  across  a  diameter  to  r,  and  along  the  length  of  the  cylinder 
to  d.  From  d  it  is  brought  round  the  face  and  connected  to  the 
segment  next  to  that  one  to  which  the  other  end  of  the  coil  is 
joined.  The  second  coil,  shown  by  open  lines  for  distinction, 
starts  from  the  segment  at  which  the  first  coil  terminates,  and  is 

Fig.  159. 


wound  similarly  to  that  coil,  being  placed  a  little  further  round  the 
drum  as  shown.  Its  two  ends  also  are  connected  to  adjacent  seg- 
ments, and,  in  a  similar  manner,  coils  would  be  placed  all  round 
the  cylinder,  equidistant,  and  with  the  ends  of  each  joined  to  two 
adjacent  commutator  segments,  so  that  every  segment  has  two  wires 
connected  to  it.  Many  of  the  best  drum  armatures  are  constructed 
with  but  one  convolution  in  each  section,  but  when  it  is  desired 
to  increase  this  number  the  wire  is  simply  wound  the  requisite 
number  of  times  round  the  cylinder,  and  the  end  of  the  last  con- 
volution led  from  the  point  d  to  the  commutator  segment.  Of 
course,  the  wires  cannot  be  brought  diametrically  across  the  face, 
as  shown  at  b  c^  on  account  of  the  driving-shaft,  and  when  there 
are  several  convolutions  in  each  section  care  is  taken  to  place  an 
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equal  number  of  the  wires  on  either  side  of  the  shaft,  so  as  to 
preserve  a  mechanical  as  well  as  an  electrical  balance.  In  any 
case,  great  care  has  to  be  taken  with  these  cross-connections, 
which  are,  in  fact,  a  serious  source  of  trouble,  for,  since  portions 
of  all  the  coils  overlap  here,  it  is  possible  to  get  wires  having  a 
high  potential  difference  very  close  together.  This  difficulty  does 
not  arise  with  a  Gramme  ring. 

The  great  advantage  peculiar  to  a  drum  armature  is  the 
fact  that  the  conductors  usefully  cut  all  the  lines  of  force 
passing  through  the  armature  core.  The  only  idle  wire  is  that 
used  for  connections  across  the  ends  of  the  cylinder ;  and  no 
part  of  the  conductor  can  generate  an  e.m.f.  in  the  counter-direc- 
tion. Consequently,  iron  may  be  employed  for  all  the  internal 
fittings  ;  in  fact,  but  for  the  necessity  of  allowing  space  for  venti- 
lation, the  whole  of  the  inside  of  the  armature  might  be  occupied 
by  iron.  Since  the  active  limbs,  a  b^  c  d,  always  cut  the  lines 
of  the  field  from  opposite  sides— viz.  one  from  above,  the  other 
from  below — the  current  is  induced  from  front  to  back  in  one 
and  from  back  to  front  in  the  other,  so  that  it  circulates  in  the 
same  direction  round  the  coil,  precisely  as  in  the  case  of  the 
simple  rectangle  first  considered. 

Each  coil  is  equivalent,  then,  to  two  diametrically  opposite 
coils  in  a  Gramme  armature,  and  there  will  be  as  many  commu- 
tator segments  as  there  are  coils.  The  reversal  of  the  current 
takes  place,  of  course,  as  each  coil  passes  the  zero  position — viz. 
with  its  plane  at  right  angles  to  the  lines  of  force — and  it  is 
in  this  position  that  the  segments  to  which  it  is  connected  pass 
the  brush.  Also,  as  in  the  case  of  the  Gramme  ring,  the  resistance 
from  brush  to  brush,  through  two  halves  of  the  armature  in  parallel, 
is  only  one  quarter  of  that  of  the  whole  armature  in  series,  and, 

in  calculating  E.M.F.,  the  formula,  e  =  '     ^y  holds  good,  p  being 

the  number  of  active  conductors,  such  as  a  ^,  round  the  periphery 
of  the  drum. 

The  drum  armature  is  more  efficient  than  any  other  form,  and  we 
may  briefly  compare  the  relative  advantages  of  the  drum  and  ring 
type  by  supposing  that  we  have  two  armatures  of  equal  diameter, 
and  having  active  conductors  arranged  round   them  equal  in 
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number  and  length.  The  magnetic  resistance  offered  by  the  drum 
armature  will  be  the  smaller,  because  the  quantity  of  iron  in  its 
core  is  greater,  and  therefore  a  given  magneto-motive  force  can 
urge  more  lines  of  force  through  it  than  through  the  ring 
armature.  Further,  the  whole  of  the  lines  passing  through  the 
drum  armature  are  usefully  cut  by  the  conductors,  while,  in  the 
case  of  the  ring,  some  leak  across  to  the  shaft  and  are  cut  by  the 
inner  portions  of  the  wire  in  such  a  manner  as  to  reduce  the  main 
E.M.F.  Therefore,  with  a  given  magneto- motive  force  to  maintain 
the  field,  the  drum  armature  will  give  a  higher  e.m.f.  than 
the  ring  when  they  are  driven  at  equal  speeds.  Equal  e.m.f.'s 
might  be  obtained  by  reducing  n,  the  number  of  lines  of  force,  or 
p,  the  number  of  active  conductors  ;  but  the  factor  which  it  is 
usually  sought  to  keep  as  low  as  possible  is  «,  the  number  of 
revolutions  per  second.  One  great  practical  advantage  of  a  drum 
armature  is  that  it  enables  slow-speed  machines  of  comparatively 
moderate  proportions  to  be  constructed,  and  it  will  be  observed 
that  few  slow-speed  dynamos  have  ring  armatures  ;  indeed,  few 
simple  ring  armatures  are  now  used  except  for  the  generation  of 
comparatively  small  currents.  Since  the  proportion  of  idle  wire  is 
slightly  less  in  the  drum  than  in  the  ring  type,  its  conductor 
resistance  for  the  same  weight  of  copper  is  rather  lower,  while,  on 
the  other  hand,  it  has  the  disadvantages  that  it  is  difficult  to  make 
it  as  strong  mechanically  as  the  ring,  the  cross-connections  are 
somewhat  troublesome,  and,  as  a  rule,  special  arrangements  are 
needed  to  ensure  sufficient  ventilation. 

Having  discussed  some  of  the  theoretical  points  involved  in 
the  construction  and  action  of  direct-current  dynamo  armatures, 
we  will  now  consider  the  methods  of  maintaining  the  field,  which, 
it  will  be  remembered,  must  be  as  strong  as  possible.  As  in  the 
case  of  the  more  powerful  of  the  machines  described  in  the  pre- 
ceding chapter,  electro-magnets  (called  the  field-magnets)  are 
employed  for  this  purpose.  Practical  difficulties  and  economy  in 
construction  somewhat  influence  the  shape,  but  in  every  case  the 
great  object  should  be  borne  in  mind,  viz.  the  necessity  for  lead- 
ing as  many  lines  of  force  as  possible  through  the  space  between 
the  poles,  in  which  the  armature  is  made  to  revolve. 

The  magneto-motive  force,  which  sets  up  the  lines  of  force,  is 
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obtained  by  means  of  a  current  passing  through  one  or  more  coils 
of  wire,  and  is  proportional  to  the  strength  of  the  current  flowing 
and  the  number  of  turns  of  wire  in  the  coil,  as  has  already  been 
fully  explained  (Chapter  VII.),  and  the  quantity  represented  by 
the  product  of  these  two  factors  is  referred  to  as  the  *  ampere-turns.' 

Now,  for  any  given  machine,  the  number  of  lines  of  force 
which  must  be  urged  through  the  armature  is  usually  determined 
beforehand,  but  as  with  every  electro-magnet,  of  whatever  design, 
there  is  a  certain  amount  of  *  leakage,'  only  a  portion  of  the  lines 
generated  by  the  field  magnet  pass  through  the  armature. 

But  power  is  expended  in  the  generation  and  maintenance  of 
the  lines  of  force,  and  those  which  are  rendered  useless  by  leakage 
represent  so  much  power  wasted.  It  is  obviously  advisable  that 
this  waste  should  be  reduced  to  a  minimum,  and  the  greatest  pos- 
sible proportion  of  the  lines  developed  led  through  the  armature. 
This  may  be  accomplished  by  making  the  magnetic  resistance  of 
the  desired  path  very  low.  The  whole  magnetic  circuit  should, 
preferably,  approximate  to  the  circular  form,  and  whatever  the 
quality  of  the  iron  employed,  its  sectional  area  must  be  sufficient 
at  every  point  to  prevent  the  magnetic  induction  being  so  high  as 
to  very  greatly  reduce  the  permeability  of  the  iron.  We  have 
mentioned  one  advantage  which  results  from  working  the  armature 
core  at  a  rather  high  induction,  but  in  doing  this  we  cannot,  of 
course,  avoid  correspondingly  increasing  the  magnetic  resistance 
of  the  circuit. 

The  spaces  between  the  pole-pieces  of  the  field-magnet  and 
the  core  of  the  armature  offer  considerable  magnetic  resistance, 
which  may  be  taken  as  proportional  to  the  distance  between  the 
iron  surfaces,  the  permeability  of  the  copper  wire  and  its  insulation 
being  about  the  same  as  that  of  air.  The  only  way  of  diminishing 
this  high  resistance  is  to  reduce  the  distance  between  the  iron 
surfaces  as  much  as  safety  will  permit,  and,  since  this  minimum 
distance  is  nearly  the  same  in  machines  of  all  sizes,  we  see  one 
reason  to  account  for  the  observed  fact  that  small  dynamos  are 
generally  less  efficient  than  larger  ones. 

In  estimating  the  tendency  to  leakage  it  must  not  be  forgotten 
that  while  the  permeability  of  iron  decreases  with  an  increase  of 
the  magnetic  induction  through  it,  that  of  air  remains  constant, 
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and  the  diiference  between  the  permeability  of  the  nearly  saturated 
iron  of  the  field-magnets,  and  that  of  the  air  space,  is  never  any- 
thing like  the  difference  usually  given  for  unsaturated  soft  iron  and 
air. 

Two  very  important  considerations  influencing  the  design  of 
field-magnets  are  economy  in  construction  and  mechanical  strength; 
and  in  practice,  as  we  shall  see,  it  is  sometimes  considered  advisa- 
ble, where  the  question  of  weight  is  unimportant,  to  use  cast-iron 
for  part  or  all  of  the  field-magnet  core.  It  is  preferable  to  forge 
or  cast  the  core  in  one  piece,  as  joints  break  the  molecular 
continuity  and  increase  the  magnetic  resistance  considerably, 
although  this  disadvantage  can  be  minimised  by  making  the 
surfaces  in  contact  fit  truly.  The  principal  practical  objection  to 
the  use  of  cast-iron  is  that,  since  its  sectional  area  must  be  at  least 
twice  that  of  wrought-iron,  a  much  greater  quantity  of  copper  is 
required  to  form  the  field-magnet  coils.  Copper  is  expensive, 
while  cast-iron  cores  are  far  less  costly  than  equivalent  ones  of 
wrought-iron,  and  the  student  should  observe  how  different  makers 
aim  at  true  economy  in  this  matter.  Even  leaving  out  the  question 
of  cost  and  weight,  it  does  not  by  any  means  follow  (as  is  some- 
times supposed)  that  a  dynamo  properly  designed  to  perform 
certain  work,  and  having  cast-iron  in  its  construction,  is  inferior 
to  one  built  wholly  of  wrought-iron  to  perform  the  same  work. 
Steel  has  recently  been  employed  in  some  cases  instead  of  wrought- 
iron  for  field-magnet  cores,  the  principal  advantage  in  its  favour 
being  that  it  can  be  cast  into  the  desired  shape,  thus  avoiding  the 
somewhat  expensive  processes  of  forging  and  machining  up  to 
shape,  which  are  necessary  in  the  case  of  wrought-iron.  It  must 
be  remembered,  however,  that  ordinary  hard  tool-steel  is  unsuitable 
for  this  purpose,  the  metal  employed  being  mild  steel,  which 
contains  very  little  carbon,  and  cannot  be  hardened  or  tempered, 
and  the  most  suitable  qualities  of  which,  when  carefully  annealed, 
are  scarcely  inferior  to  wrought-iron  as  regards  permeability. 

The  composition  of  the  'ampere -turns' — that  is,  the  propor- 
tion of  current  strength  to  the  number  of  convolutions— will 
depend  largely  upon  the  manner  in  which  the  exciting  current  is 
obtained ;  for  it  is  sometimes  necessary  to  have  considerable 
resistance  in  the  coils,  and  then  the  number  of  convolutions  may 
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be  made  great  and  the  current  correspondingly  weak  \  while  in 
other  cases  a  high  resistance  is  inadmissible,  when  only  a  few  turns 
can  be  employed,  and  the  necessary  magneto-motive  force  must 
then  be  obtained  by  the  aid  of  a  heavy  current. 

At  the  beginning  of  this  chapter  we  referred  to  a  very  impor- 
tant benefit  following  the  commutation  of  the  current,  viz.  the 
possibility  of  using  all  or  part  of  the  current  generated  in  the 
armature,  for  the  purpose  of  magnetising  the  field-magnets,  and 
the  simplest  method  of  doing  this,  in  which  the  whole  of  the 
current  is  so  employed,  is  exemplified  in  fig.  i6o.  A  machine 
having  its  connections  made  in  the  manner  there  shown  is  known 
as  a  *  Series  '  dynamo. 

s  N  are  the  pole-pieces  of  a  massive  horse- shoe  electro- 
magnet ;  the  armature  a  revolves  in  the  space  between  them,  B|  B2 
being  the  brushes  which  press  against  the  commutator,  and  by 
means  of  which  the  current  generated  in  the  armature  can  be  led 
to  any  desired  point.  In  this  case,  one  end  of  the  wire  forming 
the  coil  of  the  electro- magnet  is  connected  directly  to  the  brush 
B2,  the  other  end  being  joined  through  the  external  circuit  R  to 
the  opposite  brush  Bi,  so  that  the  circuit  of  the  field-magnet  is 
completed  through  the  armature  coils.  Hence  the  whole  of  the 
current  generated  in  the  armature  must  pass  round  the  coils  and 
magnetise  the  electro-magnet. 

But  how  is  the  current  to  be  started  in  the  first  instance  ?  It 
so  happens  that  even  the  purest  soft  iron  is  found  to  retain  some 
of  the  magnetism  imparted  to  it,  and  therefore  the  massive  cores 
of  a  dynamo,  having  once  been  strongly  magnetised,  always  retain 
an  appreciable  amount.  This  *  residual '  magnetism  is  suflScient 
to  project  a  few  lines  of  force  through  the  armature  coils  ;  so  that, 
when  the  armature  is  rotated,  a  feeble  current  is  generated  in  them. 
The  connections  being  made  as  in  fig.  160,  this  current  leaves  the 
armature  by  the  top  brush  B|,  flows  through  the  external  circuit, 
and,  returning  to  the  machine,  passes  round  the  coils  of  the  field- 
magnets,  the  circuit  being  completed  through  the  lower  brush  Bj. 
The  feeble  current  sent  in  this  way  through  the  field-magnets 
increases  the  strength  of  the  field  in  which  the  armature  rotates, 
and,  consequently,  the  current  generated  also  becomes  stronger. 
This  further  increases  the  magnetic  field  developed,  and,  conse- 
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quently,  also  the  current  strength ;  action  and  reaction  succeeding 
one  anotfier,  until  presently  the  current  becomes  very  strong  indeed. 
This  increase  does  not,  however,  continue  indefinitely,  there  being 
two  especially  important  restrictions  which  tend  to  fix  a  limit  to 
the  current  produced.  In  the  first  place,  although  the  core  of 
the  field-magnet  may  be  very  massive,  its  magnetisation  eventually 

Fig.  x6o. 


approaches  the  saturation -point,  beyond  which  an  increase  of  the 
current  in  the  coils  would  not  by  any  means  involve  a  correspond- 
ing increase  in  the  strength  of  the  effective  field.  Secondly,  the 
rotation  of  the  armature,  although  performed  with  little  effort  at  the 
commencement,  requires  a  considerable  expenditure  of  energy  as 
the  strength  of  the  current  increases.  We  are  even  able  to  estimate 
the  relative  amounts  of  the  power  required  to  turn  the  armature 
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while  currents  of  different  strengths  are  being  generated.  For  our 
present  purpose  the  calculation  can  be  made  very  simple  by 
ignoring  the  power  lost  in  mechanical  friction,  &c.  The  electrical 
power  which  is  being  developed  in  any  circuit  can  be  found  by 
simply  multiplying  together  the  electro- motive  force  in  volts  and 
the  current  strength  in  amperes  in  that  circuit,  the  result  being 
the  number  of  watts  of  power  developed  therein,  or  w  =  e  x  c,  w 
being  the  number  of  watts. 

As  the  E.M.F.  is  equal  to  the  product  of  current  strength  and 
resistance  (that  is,  e  =  c  x  r),  we  maywrite  w  =  (c  x  r)  x  c  = 
c^  X  R ;  that  is  to  say,  the  power  in  watts  developed  is  equal  to 
the  resistance  in  ohms  multiplied  by  the  square  of  the  current 
strength  in  amperes. 

As  the  resistance  of  the  dynamo  armature  and  magnet  coils  is 
always  known,  only  one  measurement,  that  of  current  strength, 
need  be  taken,  which  can  be  done  by  any  ammeter  of  negb'gibly 
low  resistance. 

Supposing,  for  example,  the  resistance  of  the  armature  to  be 
3  ohms,  and  that  of  the  field-magnets  to  be  2  ohms,  then  the  total 
resistance  is  5  ohms.  When  a  current  of  10  amperes  is  generated 
without  any  external  resistance,  the  electrical  power  appearing 
in  the  circuit  is  equal  to  c^r  =  100  x  5  =  500  watts  \  and  if  the 
current  is  increased  to  20  amperes,  then  c^R  =  400  x  5  =  2,000 
watts. 

Now,  in  both  cases  at  least  as  much  mechanical  power  is  re- 
quired to  turn  the  armature  as  appears  in  the  circuit  as  electrical 
power.  Indeed,  a  certain  amount  in  excess  is  necessary  (depend- 
ing upon  the  efficiency  of  the  machine),  because  some  energy 
must  be  wasted  in  overcoming  the  mechanical  friction  of  the 
bearings,  &c.,  and  still  more  by  various  electrical  causes,  such  as 
eddy  currents  and  the  currents  which  flow  in  the  armature  coils 
during  the  period  of  short-circuiting. 

The  main  point,  however,  upon  which  we  desire  at  present  to 
lay  stress  is  that  the  increase  in  the  current  is  not,  and  never  can 
be,  obtained  without  a  corresponding  increase  in  the  power  ex- 
pended in  turning  the  armature  ;  in  fact,  from  the  above  reasoning 
it  is  clear  that  in  a  series  dynamo  such  as  the  one  described,  the 
mechanical  power  expended  varies  as  the  square  of  the  strength  of 
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the  current  obtained  in  the  external  circuit,  always  supposing  the 
resistance  of  the  circuit  to  remain  constant,  and  ignoring  the 
mechanical  power  lost  in  the  machine  during  conversion. 

The  ultimate  strength  of  the  current  is,  then,  limited  not  only 
by  the  saturation  of  the  field-magnets,  but  also  by  the  amount  of 
power  at  our  disposal  to  drive  the  armature  round.  The  engine, 
or  other  source  from  which  the  power  is  derived,  must  at  least  be 
able  to  furnish  power  equal  to  the  maximum  electrical  power  it  is 
desired  to  obtain,  to  which  must  also  be  added  that  which  is 
wasted  or  lost  in  the  conversion.  A  yet  further  limit  is  imposed 
by  the  capacity  of  the  conductors  for  carrying  heavy  currents. 

With  regard  to  the  residual  magnetism  which  is  relied  upon  to 
start  the  current,  it  may  be  remarked  that  if  the  field-magnets  are 
once  strongly  magnetised  by  a  current  passing  in  the  direction  in 
which  it  is  desired  the  currents  shall  afterwards  be  generated,  the 
cores  will  rarely  lose  all  traces  of  magnetism,  especially  if  of  cast- 
iron.  This  sometimes  happens,  however,  when  the  dynamo  is 
moved,  and  the  magnetism  may  even  be  reversed ;  but  matters 
can  easily  be  righted  by  passing  a  current,  say,  from  a  few  cells  for 
a  moment  in  the  proper  direction  through  the  field-magnet  coils. 

Hitherto,  the  dynamo  has  been  considered  as  only  working  on 
'short  circuit' — that  is,  with  the  circuit  completed  without  the 
introduction  of  any  appreciable  external  resistance.  In  practice, 
we  require  the  current  to  do  a  greater  or  less  amount  of  work  in 
an  external  circuit,  such  as  developing  light  in  electric  lamps  or 
driving  an  electro-motor.  In  such  a  case,  part  only  of  the  power 
is  expended  in  overcoming  the  internal  resistance  (that  is,  the 
resistance  of  the  armature  and  field-magnets)  and  maintaining  the 
field,  the  remainder  being  employed  in  the  external  circuit.  It  is 
easy  to  find  the  relative  amount  of  power  absorbed  in  the  two 
parts  of  the  circuit.  Thus,  suppose  the  strength  of  the  current  to 
be  40  amperes,  and  the  total  e.m.f.  to  be  80  volts,  then  the  total 
electrical  power  developed  is  40  x  80  =  3,200  watts.  If,  now, 
the  difference  of  potential  between  the  two  extremities  of  the  ex- 
ternal circuit  is  found  to  be  60  volts,  the  power  absorbed  therein 
is  40  X  60  =  2,400  watts,  for  the  strength  of  the  current  is  the 
same  in  all  parts  of  the  same  circuit.  The  remaining  difference 
of  potential  is  80  —  60  =  20  volts,  which  is  the  fall  along  the 
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internal  circuit,  and  which  absorbs,  therefore,  40  x  20  =  800 
watts.  In  this  way,  the  ratio  between  the  power  spent  in  the 
external  and  internal  portions  of  the  circuit  can  in  every  case  be 
measured.  The  two  ends  of  the  external  circuit  above  referred  to  are 
connected  to  the  *  dynamo  terminals,'  and  the  potential  difference 
thereat  can  be  measured  by  any  convenient  voltmeter.  Since, 
also,  the  power  spent  in  either  portion  can  be  calculated  by 
multiplying  the  square  of  the  current  strength  by  the  resistance 
of  that  portion  of  the  circuit,  and  as  the  current  is  the  same  in 
each  part,  it  follows  that  the  energy  absorbed  in  either  part 
is  directly  proportional  to  the  resistance  of  that  part.  Thus,  if 
the  resistance  of  the  external  circuit  is  r  ohms,  and  that  of  the 
dynamo  r  ohms,  the  total  resistance  is  R  +  r.  Let  the  total 
number  of  watts  developed  be  w.  Then,  denoting  the  watts 
absorbed  in  the  internal  and  external  parts  of  the  circuit  by  x  and 
y  respectively,  we  have 

x\y\\r\'Si, 

j; :  w  ::  r  :  R  +  r, 

r  :  w  ::  R  :  R+r. 

But  it  is  very  rarely  that  any  dynamo  works  through  an  ex- 
ternal circuit  of  constant  resistance  ;  if  it  is  supplying  current  to 
electric  lamps,  some  of  them  are  liable  to  be  thrown  into  or  out 
of  circuit  at  any  moment,  and  the  behaviour  of  a  series  dynamo 
under  these  varying  conditions  must  be  briefly  noted.  Supposing 
the  lamps  to  be  joined  up  in  series,  then  any  addition  to  the 
number  will  increase  the  external  resistance  and  reduce  the  current 
strength,  and  this  means  a  corresponding  decrease  in  the  strength 
of  the  field,  and,  consequently,  a  further  diminution  in  the  current 
strength.  If  we  suppose  the  lamps  to  be  joined  up  in  parallel, 
then  any  addition  to  the  number  in  circuit  decreases  the  total 
resistance  and  increases  the  current.  This,  by  strengthening  the 
field,  still  further  increases  the  current  strength.  So  that  in  either 
case  considerable  difficulties  arise  when  a  series  dynamo  is  used 
on  a  circuit  of  varying  resistance. 

Moreover,  this  variation  of  the  current,  while  it  varies  the 
effective  fields  of  the  armature  and  field-magnet,  does  not  do 
so  in  the  same  proportion.     The  angle  of  lead  must  therefore  be 
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altered  for  every  alteration  of  the  current,  or  injurious  sparking  at 
the  brushes  will  ensue.  A  series  dynamo  can  be  used  most  con- 
veniently in  cases  where  a  current  of  constant  strength  is  required, 
and  then  if  the  resistance  of  the  circuit  remains  constant  the 
current  also  remains  constant,  provided  the  dynamo  be  driven  at 
a  regular  speed.     Should  the  resistance  of  the  external  circuit 
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vary  from  time  to  time,  the  current  can  still  be  kept  constant  by 
providing  an  arrangement  to  automatically  vary  the  strength  of 
the  field  in  which  the  armature  rotates.  For  example,  the  field- 
magnet  coil  may  be  shunted  by  a  resistance  whose  value  can  be 
reduced,  and  so  shunt  a  larger  proportion  of  the  current  from 
the  field-magnet  coils,  whenever  the  current  in  the  main  circuit 
tends  to  rise  above  the  standard  strength ;  and  increased  so  as 
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to  shunt  less  current  when  the  main  current  falls  below  its  proper 
value. 

It  will  be  evident,  however,  that  the  conditions  under  which 
the  simple  series  dynamo  can  be  conveniently  employed  are  some- 
what limited.  For  general  work,  and  especially  in  cases  where  a 
constant  potential  difference  and  not  a  constant  current  is  required 
to  be  maintained,  some  better  method  of  *  regulation '  is  essential 
— that  is,  some  arrangement  by  which  the  machine  shall  be  made 
to  develop  just  as  much  electrical  power  as  the  variations  in  the 
external  circuit  demand  from  it  The  first  approximation  thereto 
is  obtained  by  a  slight  alteration  in  the  manner  of  winding,  giving 
us  what  is  known  as  the  *  Shunt '  dynamo. 

In  the  shunt  dynamo  the  field-magnet  coils,  instead  of  being 
joined  up  in  series  with  the  armature  and  external  circuit,  are  so 
connected  that  they  form  a  *  shunt '  to  the  external  circuity  and 
receive,  therefore,  only  a  part  of  the  current  generated  in  the 
armature,  the  proportion  depending  upon  the  relative  resistances 
of  the  external  circuit  and  the  shunt  coils.  Fig.  i6i  shows  the 
manner  in  which  the  connections  are  made,  and  the  principle, 
which  is  very  simple,  should  be  readily  grasped.  The  armature 
is  rotated  between  the  pole-pieces,  and  a  certain  e.m.f.  is  de- 
veloped in  the  usual  manner.  The  whole  of  the  current  generated 
passes,  as  a  matter  of  course,  through  the  armature,  and  we  will 
suppose  that  its  direction  in  both  halves  of  the  armature  is  up- 
wards, or  from  the  lower  to  the  upper  brush.  At  the  upper  brush, 
Bi,  the  circuit  is  divided,  two  paths  being  open  to  the  current ; 
one  round  the  coils  of  the  field-magnets,  by  taking  which  it  aug- 
ments and  maintains  the  field  \  and  the  other  through  the  external 
circuit,  where  it  can  be  used  to  run  lamps,  or  perform  such  other 
work  as  may  be  required.  Both  of  these  paths,  however,  terminate 
at  the  lower  brush,  Bg,  and  the  quantity  of  the  current  which  goes 
round  either  path  is,  as  we  have  just  indicated,  simply  inversely 
proportional  to  the  resistance  of  that  path.  In  case  any  difficulty 
should  be  experienced  in  understanding  the  connections  or  in 
tracing  the  path  of  the  current  in  the  various  branches,  the 
arrangement  is  shown  even  more  clearly  in  fig.  162,  r  being  the 
external  circuit,  s  the  field-magnet  coil,  Bi,  83  the  brushes,  and  d 
the  commutator  of  the  dynamo. 
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The  method  of  measurement  applied  to  the  series  dynamo  can 
also  be  adopted  with  the  shunt  machine,  for  the  amount  of  power 
absorbed  in  the  armature,  field-magnet  coils,  and  external  circuit 
respectively,  can  be  found  by  multiplying  the  current  in  that  par- 
ticular part  of  the  circuit  by  the  potential  difference  at  its  ex- 
tremities. The  armature  resistance  must  be  very  low,  otherwise, 
as  it  carries  the  whole  of  the  current,  the  power  absorbed  therein 
becomes  considerable  ;  on  the  other  hand,  the  resistance  of  the 
field-magnet  coils  requires  to  be  relatively  high. 

In  an  actual  machine  giving  excellent  results,  the  resistance  ot 
the  armature  is  a  trifle  less  than  one-hundredth  of  an  ohm,  while 
the  magnet  coils  offer  16-93-,  or  about  1,700  times  as  great  a 
resistance.  Supposing  this  machine  were  driven  at  such  a  speed 
as  to  develop  a  potential 

difference  at  the  brushes  of  Fic^iea. 

100  volts,  the  external  re- 
sistance R  (consisting  of  a 
number  of  lamps  in  parallel) 
being  half  an  ohm,  then 
the  current  in  the  external 
circuit  would  be  200  am- 
peres, and  the  power 
usefully  employed  therein 
100x200  =  20,000  watts. 

The  resistance  of  the  shunt  coils  being  16-93*,  ^md  the  potential 
difference  at  the  extremities  100  volts,  the  current  produced  therein 
will  be  almost  6  amperes.  So  that  6  x  100  =  600  watts  will  be 
absorbed  in  maintaining  the  field.  The  current  in  the  armature  of 
a  shunt  dynamo  is  the  sum  of  the  two  currents  in  the  external 
branches — viz.  the  field-magnet  coils,  and  the  external  circuit,  and 
in  this  particular  case  it  is  6  -h  200  =  206  amperes.  The  armature 
resistance  is  0-0 1*,  and  since  the  fall  of  potential  along  it  is  equal  to 
the  product  of  current  strength  and  resistance,  the  fall  of  potential 
along  the  armature  from  brush  to  brush  is  206  xo-oi  =  2*06  volts. 
Therefore  the  power  absorbed  in  it  is  2*06  x  206  =  424-36  watts, 
which  result,  of  course,  might  also  be  obtained  by  multiplying 
together  the  square  of  the  current  passing  through  the  armature, 
and  the  resistance.     Now  the  whole  electrical  power  developed  is 
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21,024  watts,  of  which  number  1,024  are  absorbed  in  maintaining 
the  field  and  in  overcoming  the  armature  resistance,  the  remaining 
20,000  being  usefully  expended  in  the  external  circuit. 

The  ratio  of  the  power  usefully  available  to  the  total  power 
developed,  is  commonly  known  as  the  *  electrical  efficiency '  of  the 

dynamo,  and  in  the  case  just  considered  this  ratio  is  ^^»^^^    or 

21,024 

the  electrical  efficiency  is  slightly  over  95  per  cent.  It  is  hardly 
necessary  to  point  out  that  a  very  slight  increase  of  the  armature 
resistance  would  considerably  lower  this  figure,  because  the  arma- 
ture carries  such  a  heavy  current.  The  electrical  efficiency  would, 
on  the  contrary,  be  slightly  increased  if  more  turns  of  wire  were 
wound  on  the  field-magnet,  because  the  added  resistance  would 
diminish  the  current  strength,  although  the  magneto-motive  force 
would  remain  unaltered,  since  the  increase  in  the  number  of 
turns  would  just  balance  the  reduction  of  the  current  Similarly, 
the  field  would  be  practically  unaltered  if,  say,  half  the  number  of 
convolutions  were  removed  from  the  field- magnet  coil,  because, 
the  wire  being  of  uniform  resistance  throughout,  the  removal  of 
half  of  it  would  halve  the  resistance  of,  and  double  the  current 
strength  in,  the  field-magnet  coil,  supposing  the  potential  difference 
of  100  volts  to  be  maintained  in  both  cases.  The  efficiency 
would,  however,  be  lowered  by  such  a  procedure,  because  twice 
as  much  energy  would  be  wasted  in  heating  the  field-magnet 
coils,  the  energy  so  wasted  being  proportionate  to  c*r. 

Ignoring  for  the  moment  the  small  amount  of  residual  magnet- 
ism, it  will  be  observed  that  in  a  series  dynamo  the  field-magnets 
become  demagnetised  immediately  the  e.xtemal  circuit  is  broken, 
because  the  whole  of  the  current  is  then  stopped.-  In  the  case  of 
a  shunt  dynamo,  however,  if  the  external  circuit  R  in  fig.  162  is 
broken,  there  is  an  alternative  path  left  for  the  current  generated 
by  the  armature,  viz.  round  the  field-magnet  coil  s.  Although 
under  these  circumstances  the  current  passing  through  the  arma- 
ture is  less  than  when  the  external  circuit  is  completed,  yet,  since 
the  whole  of  it  passes  through  the  field-magnet  coil,  the  strength 
of  the  field  due  to  the  field-magnet  is  always  at  its  maximum  when 
the  external  circuit  is  disconnected ;  exactly  opposite  to  the  case 
of  a  series  dynamo.     In  the  latter  machine  the  most  powerful 
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current  is  generated  and  the  field  is  strongest  when  the  terminals 
are  joined  by  a  piece  of  thick  wire ;  but  this  proceeding  would 
have  the  reverse  effect  upon  a  shunt  machine,  because  practically 
no  current  would  flow  round  the  coils  on  account  of  the  very 
low  resistance  of  the  alternate  path. 

Although  the  shunt  dynamo  (especially  if  the  resistance  of 
its  armature  is  low)  is  through  a  certain  range  less  aflfected  by 
changes  in  the  external  circuit  than  the  series  dynamo,  neither 
of  them  is,  for  many  purposes,  sufficiently  *  self-regulating,'  or  able 
to  accommodate  itself  to  these  external  variations.   We  may  require 
a  dynamo  to  do  one  of  two  things  :  either  {a)  to  regulate  itself 
so  as  to  send  a  constant  current,  or  a  current  of  uniform  strength, 
through  the  external  circuit,  although  the  resistance  may  be  con- 
siderably varied  ;  or  (b)  we  may  require  it  to  maintain  a  constant 
potential  difference  2X  the  extremities  of  the  external  circuit — that  is, 
at  the  dynamo  terminals— under  like  variations  of  resistance.     No 
one  machine  can  be  constructed  to  fulfil  both  these  requirements, 
and  we  will  now  consider  the  best  of  the  many  methods  of  main- 
taining a  constant  potential.     This  consists  in  the  combination,  in 
one  machine,  of  the  series  and  the  shunt  methods  of  winding.    The 
simplest  way,  perhaps,  of  viewing  the  arrangement,  is  to  consider 
the  machine  as  a  shunt-wound  one,  having  added  to  it,  round  the 
magnet-limbs,  a  few  turns  of  wire  in  series  with  the  external  cir- 
cuit.    Then,  when  the  external  resistance  is  made  very  low,  and, 
as  a  consequence,  the  conditions  are  set  up  for  the  current  in  the 
shunt  coils  to  be  reduced  almost  to  nothing,  the  magnetic  effect 
of  the  series  coils  becomes  a  maximum,  on  account  of  the  increase 
in  the  strength  of  the  current  which  flows  through  those  coils,  so 
that  the  opposite  variations  in  these  two  sets  of  coils  tend  to  keep 
the  field  more  or  less  constant.      It  is  clear  that  the  success 
attending  this  combination  will  depend  largely  upon  the  proper 
proportions  being  given  to  the  shunt  and  series  coils,  and  in  order 
to  ascertain  what  these  proportions  are  or  should  be  for  any  par- 
ticular case,  we  will  now  introduce  a  convenient  method  by  which 
the  variation  of  the  e.m.f.  developed  by  a  dynamo  under  varying 
conditions  can  be  studied. 

Let  us  start  with  the  case  of  a  series  machine,  driven  through- 
out the  experiments  at  a  constant  speed,  and  joined  up  to  a  set  of 
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suitable  known  resistances  which  can  be  varied  as  desired.  The 
resulting  current  can  be  measured  by  any  suitable  ammeter, 
and,  the  resistance  of  the  machine  and  of  the  external  circuit 
being  known,  the  whole  of  the  e.m.f.  developed  can  be  calculated 
as  the  product  of  amperes  and  ohms.  We  thus  obtain  the 
amperes  of  current  flowing  and  the  whole  of  the  volts  of  e.m.f. 
developed,  and  these  two  quantities  may  be  similarly  found  for 
any  number  of  values  which  we  choose  to  give  the  external 
resistance. 

For  instance,  we  might  start  with  the  external  resistance  very  high 
and  reduce  it  by  suitable  gradations  until  it  becomes  as  low  as  safety 
to  the  machine  will  allow.  A  table  might  then  be  made  showing 
the  number  of  amperes  flowing  at  every  stage  and  the  volts  corre- 
sponding thereto.  But  by  means  of  the  'squared  paper'  previously 
referred  to,  the  whole  of  the  experiments  can  be  shown  graphically 
in  the  form  of  a  curve,  known  as  the  *  characteristic  curve '  of  the 
particular  machine  experimented  with.  Fig.  163  represents  such 
a  curve,  taken  from  a  series  machine,  driven  at  a  constant  speed. 
The  volts  calculated  are  measured  off"  in  vertical  distances  or 
ordinates,  and  the  amperes  in  horizontal  distances  or  abscissae, 
the  intersection  of  corresponding  ordinates  and  abscissae  being 
points  on  the  curve.  The  length  of  the  side  of  a  square  in  the 
figure  represents  10  volts  or  10  amperes,  but  in  practice  it  is  better 
to  use  a  larger  sheet  of  paper  divided  into  a  greater  number  of 
squares,  one  side  of  each  square  representing  i  volt,  or  i  ampere 
as  the  case  may  be.  One  of  the  experiments  with  this  machine 
showed  that  70*6  volts  were  developed  when  18*2  amperes  were 
flowing,  and  the  point  a  on  the  curve  is  the  result  of  this  particular 
experiment.  It  is  the  point  of  intersection  of  the  two  straight 
lines,  c  a  and  d  a,  drawn  at  right  angles  to  o  v  and  o  x  respec- 
tively, c  A  being  18-2  units  and  d  a  70*6  units,  in  length  (the  unit 
being  one-tenth  of  a  side  of  one  of  the  squares).  Another  ex- 
periment, which  determined  the  position  of  the  point  b,  showed  that 
42  amperes  were  flowing  when  87*4  volts  were  developed  ;  therefore 
the  distance  e  b  is  made  equal  to  42  units,  and  f  b  to  87*4  units. 
Other  points  were  fixed  by  similar  experiments,  and  by  joining 
these  points  together  the  curve  was  obtained.  Considerable  care 
must  be  exercised  in  performing  the  necessary  experiments  to 
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determine  one  of  these  curves,  and  in  the  region  of  any  decided 
change  in  the  curvature  the  number  of  experiments  must  be 
greater  than  they  need  be  in  the  more  uniform  portions  of  the 
Hne.  Notwithstanding,  however,  the  exercise  of  the  greatest 
possible  care,  some  of  the  points  are  usually  placed  a  little  out  of 
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position,  owing  to  experimental  error.  But  experience  and  theory 
teach  us  that  zigzag  deviations  never  appear  in  the  curves  of 
dynamo  machines,  so  that  when  the  points  do  not  lie  exactly  on  a 
regular  curve,  we  can,  to  a  certain  extent,  correct  experimental 
errors,  by  striking  what  may  be  called  an  average,  with  the  aid  of 
a  flexible  ruler. 
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Were  the  amperes  and  volts  to  increase  in  the  same  proportion 
throughout,  the  *  curve '  would  be  a  straight  line  ;  but  with  every 
self-exciting  series  dynamo  we  get  a  curve  somewhat  similar  to  the 
one  here  given — that  is  to  say,  with  the  first  part  ascending  rapidly, 
then  a  decided  bend,  followed  by  a  fairly  straight  portion  making 
a  smaller  angle  with  the  horizontal.  It  has  already  been  pointed 
out  that  although  the  e.m.f.  rises  as  the  current  flowing  round  the 
field-magnets  (and,  therefore,  as  the  strength  of  the  field)  increases, 
a  stage  is  reached  when  a  given  increase  in  the  current  does  not 
give  a  proportionate  increase  in  the  field.  This  happens  when  the 
iron  in  the  field-magnets  becomes  saturated,  and  it  is  at  this 
stage  that  the  decided  bend  in  the  characteristic  curve  shows 
that  the  amperes  are  increasing  faster  than  the  volts.  The  student 
will  probably  notice  the  general  likeness  between  this  curve  and 
those  given  in  Chapter  VII.  for  the  magnetization  of  soft  iron.  In 
fact  the  experiments  here  referred  to,  constitute  a  very  rough 
method  of  constructing  the  magnetization  curve  for  the  iron  of 
the  field-magnet  core,  because  the  magnetizing  force  is  propor- 
tional to  the  current  strength,  and  the  magnetic  induction  varies 
approximately  as  the  strength  of  the  field  projected  through  the 
armature,  of  which  strength  the  value  of  the  e.m.f.  is  a  more  or 
less  accurate  measure. 

It  sometimes  happens  that  by  merely  glancing  at  a  curve  we 
can  criticise  the  design  of  a  machine  in  some  important  respects ; 
for  instance,  the  effect  of  having  too  little  iron  in  a  machine  would 
be  to  make  the  bend  occur  earlier  than  it  really  should  do.  Other 
points  of  criticism  will  manifest  themselves  presently. 

Reverting  to  fig.  163,  it  will  be  seen  that  the  curve  commences, 
not  exactly  at  the  point  o,  but  at  a  point  a  little  way  up  the  verti- 
cal line,  thus  apparently  indicating  the  existence  of  a  small  km.f. 
before  the  current  commences  to  flow.  This  actually  is  the  case, 
and  results  from  the  existence,  in  the  field -magnets,  of  residual 
magnetism,  which  provides  a  weak  field  and  produces  a  small 
potential  difference  at  the  terminals  before  the  circuit  is  completed. 

The  two  quantities— current  and  e.m.f.— plotted  in  this  curve, 
are  those  which,  when  multiplied  together,  enable  us  to  estimate 
the  amount  of  power  being  developed  in  the  whole  circuit,  for  the 
product  of  one  volt  and  one  ampere  is  one  watt,  which  is  the  elec- 


Digitized 


by  Google 


Horse-power  Lines 


337 


trical  unit  of  power,  or  rate  of  expenditure  of  energy,  and  746 
watts  correspond  to  one  horse-power.  It  follows  that  we  can 
select  any  point  on  the  curve  and  readily  calculate  what  power 
was  being  developed  in  the  circuit  at  the  particular  moment  that 
that  point  was  determined ;  for  instance,  during  the  experiment 

Fig.  X64. 
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which  determined  the  position  of  the  point  a,  the  power  de- 
veloped was  70*6  X 182  =  1,285  watts. 

Such  calculations  can,  in  a  measure,  be  avoided  by  the  addi- 
tion of  another  set  of  curves  cutting  the  characteristic  at  points 
which  correspond  to  a  certain  horse-power  or  fraction  of  a  horse- 
power.    Fig.  164  is  a  copy  of  fig.  163,  with  a  number  of  these 
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horse-power  curves  added  in  dotted  lines.  At  the  point  M,  where 
the  characteristic  cuts  the  i  horse-power  line,  the  product  of  volts 
and  amperes  is  equal  to  746  watts,  while  at  k  it  is  equal  to  2  x  746 
=  1,492  watts.  These  curves  are  also  of  service  in  readily  show- 
ing the  manner  in  which  the  power  developed  by  a  machine  varies, 
when  the  speed,  e.m.f.  and  current  are  all  subject  to  change.  For 
example,  if  the  dynamo  with  which  the  characteristic  curve  under 
notice  was  obtained  were  driven  at  a  higher  speed,  the  e.m.f.  for 
a  given  current  would  be  greater — that  is,  the  vertical  distances  will 
be  relatively  greater  than  the  horizontal  ones  as  the  speed  is  in- 
creased, and  a  curve  somewhat  similar  in  shape,  but  placed  above 
the  existing  one,  will  be  obtained.  Several  curves  obtained  with 
different  speeds  may  thus  be  plotted  on  the  same  sheet  of  paper, 
and  the  power  developed  at  different  stages  in  each  case  readily 
compared,  by  reference  to  the  horse-power  lines. 

These  horse-power  lines  may  be  constructed  by  a  simple, 
although  somewhat  tedious,  process.  As  an  example  let  us  toke 
the  i.H.p.  line  in  fig.  164  ;  t,  the  nearest  point  to  o,  willl^e  equally 
distant  from  o  x  and  o  v — that  is  to  say,  the  perpendiculars  drawn 
from  T  to  o  X  and  o  y  will  be  equal.  These  perpendiculars  are 
shown  in  fig.  165,  where  t  s  =  t  n,  and  their  product  t  s  xt  n 
must  be  equal  to  746  units,  since  t  is  a  point  on  the  curve. 
Now  N  T  s  o  is  a  square,  all  the  sides  are  equal,  and  therefore 
T  s XT  N=T  N^sso  N*  =  746,  or  o  N  =  ^Y^-  (The  unit  in 
fig.  164  is  one-tenth  of  the  side  of  a  square,  and  in  every  case  the 
unit  is  that  length  taken  to  represent  one  volt  or  one  ampere.)  If, 
therefore,  we  take  o  n  and  o  s  equal  to  n/746 — that  is,  27-3  units 
in  length — and  draw  perpendiculars  from  n  and  s,  their  intersection 
in  T  will  give  the  first  point  on  the  curve.  Then,  if  any  con- 
venient number  of  rectangles,  equal  in  area  to  the  square,  be  con- 
structed, the  product  of  two  adjacent  sides  will  equal  o  n  x  t  n= 746. 
For  instance,  the  rectangles  o  b  and  o  c  are  equal  to  the  square 
o  T  (o  A  and  o  d  being  each  twice  the  length  of  o  n,  and  o  f 
and  o  E  being  half  that  length).  Therefore,  since  a  b  x  b  e  and 
c  D  X  c  F  are  each  equal  to  746,  b  and  c  are  points  on  the 
curve.  This  method  illustrates  the  principle  in  a  simple  manner, 
and  quicker  methods  of  finding  pairs  of  lines  whose  products  are 
equal  will  suggest  themselves  (Euclid,  III.  36).     The  side  of  the 


Digitized 


by  Google 


CRAP.  IX. 


Horse-power  Lines 


339 


square  determining  the  first  point  on  the  2  h.p.  line  will  be  equal  to 
V(2  X  746)=  >/ 1492,  consequently  the  other  points  can  be  found 
in  the  same  way  as  before. 

It  will  be  remembered  that  the  characteristic  in  fig.  163  was 
constructed  by  measuring  the  amperes,  and  calculating  the  total 
volts  \  but  it  is  less  troublesome  to  join  up  a  voltmeter  and  mea- 
sure directly  the  volts  at  the  terminals  of  the  dynamo,  and  then 
plot  a  curve  showing  the  potential  difference  at  the  terminals 
(instead  of  the  total  e.m.f.),  corresponding  to  various  values  of  the 

Fig.  165. 
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current  In  fact,  this  latter  curve,  usually  called  the  external 
characteristic  curve,  is  the  more  useful  of  the  two,  for  in  practice 
it  is  the  external  potential  difference  which  concerns  us  most. 

In  fig.  166  the  curve  o  P  is  the  ^a:/5fr«<?/ characteristic,  obtained 
from  the  same  machine  as  the  previous  curve,  running  at  the 
same  speed.  The  bend  is  now  even  more  clearly  defined ;  in  fact, 
after  a  certain  point  the  potential  difference  falls  as  the  current 
is  increased.  One  reason  for  this  bending  down  is,  as  we  have 
said,  the  magnetic  saturation  of  the  iron,  and  it  is  also  partly 
caused  by  the  heavy  current  in  the  armature  distorting  the  field. 
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The  curve  shows  us  then,  at  a  glance,  the  particular  current 
strength  at  which  we  can  get  the  maximum  external  potential 
difference  at  a  given  speed,  and  of  course,  by  inserting  the  horse- 
power lines,  we  can  also  see  the  amount  of  power  absorbed  in  the 
external  circuit.     Now  the  remainder  of  the  e.m.f.  is  absorbed  in 


Fig.  i66. 


Y 

100 


90 
80 
70 

CO     ^° 

-I    50 

O 

>    40 

30 

20 

to 


10        20       30       40  C  50       60       70 

AM  PERES. 

overcoming  the  resistance  of  the  armature,  and  since  this  armature 
resistance  is  constant,  this  portion  of  the  e.m.f.  (found  by  multi- 
plying the  armature  resistance  and  the  current)  will  always  be 
proportional  to  the  current  flowing.  In  fact,  if  we  plot  the  *  curve ' 
for  current  and  e.m.f.  expended  in  the  armature,  we  get  the 
straight  line  o  a.     And,  further,  if  at  any  point,  say^c,  we  add 
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together  the  vertical  distance  from  the  base  line  to  the  line  o  a, 
and  the  vertical  distance  to  the  external  characteristic— that  is  to 
say,  if  we  add  c  b  and  c  d— we  get  a  line  proportional  to  the  whole 
E.M.F.,  giving  the  point  k  on  the  original  total  characteristic.  In 
this  manner  we  can  construct  the  total  characteristic  curve, 
now  shown  as  a  dotted  line  ;  or,  given  this  curve,  we  might 
draw  the  line  o  a,  and,  by  subtracting,  deduce  the  external 
characteristic. 

The  greater  the  armature  resistance  the  greater  will  be  the 
fall  of  potential  along  it  for  any  given  current  strength,  and  there- 
fore also  the  greater  will  be  the  angle  which  o  a  makes  with  the 
horizontal.     In  fact,  the  tangent  of  this  angle  is  proportional  to 

the  armature  resistance,  for  r  =  -  =  — =  tan  b  o  c. 

c       DC 

If  this  angle  happened  to  be  45^  we  should  know  that  the 
armature  resistance  is.  i  ohm,  for  the  tangent  of  45°  is  i.  In  the 
present  case  the  angle  is  31°,  the  tangent  of  which  is  o-6oi  ; 
therefore,  the  armature  resistance  is  o*6oi  ohm. 

The  *  external'  characteristic  for  a  shunt-wound  dynamo  is 
very  different,  as  will  be  seen  on  referring  to  fig.  167,  which  is  the 
curve  obtained  from  such  a  machine,  the  vertical  distances  being 
proportional  to  the  potential  difference  at  the  terminals,  and  the 
horizontal  distances  to  the  current  in  the  external  circuit.  As 
before,  the  scale  taken  is  such  that  a  side  of  a  square  represents 
10  volts  or  10  amperes.  If  we  suppose  the  series  of  measurements 
to  be  commenced  when  the  external  circuit  is  disconnected  and  its 
resistance  therefore  infinite,  the  potential  difference  at  the  ter- 
minals of  the  machine  will  then  have  its  maximum  value,  and  we 
shall  obtain  p,  the  highest  point  on  the  curve.  With  this  par- 
ticular machine  running  at  a  certain  constant  speed,  the  maximum 
potential  difference  happened  to  be  63*5  volts,  and  as,  of  course, 
no  current  could  flow  in  the  external  circuit,  the  point  p  is  placed 
on  the  line  o  y,  at  a  distance  of  63*5  units  above  o  x.  When  very 
high  resistance  is  introduced,  so  as  to  allow  just  a  feeble  current 
to  flow  in  the  external  circuit,  the  potential  difference  at  the 
terminals  falls  slightly,  and  continues  to  fall  as  the  resistance  is 
reduced  and  the  current  consequently  increased.  At  first  the 
amount  of  current  abstracted  from  the  field-magnet  coil  makes 
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but  little  difference  to  the  strength  of  the  field,  and  therefore  the 
potential  difference  falls  but  slightly.  But  when  the  external 
resistance  is  so  low  that  the  current  becomes  about  20  amperes, 
the  amount  abstracted  from  the  shunt  begins   to  have  a  very 

Fig.  167. 
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decided  effect  upon  the  strength  of  the  field.  The  potential 
difference  at  the  terminals  or  brushes  then  falls  considerably,  and, 
the  current  remaining  fairly  constant  during  a  small  range,  the 
effect  is  seen  in  the  curve  as  a  sudden  bend  downwards — almost, 
in  fact,  a  perpendicular  line.     The  resistance  being  still  further 
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reduced,  not  only  does  the  potential  difference  fall,  but  also  the 
current,  giving  the  curve  a  turn  backwards^  until  presently  the 
field-magnets  lose  their  magnetism,  and  when  the  terminals  are 
short-circuited  the  curve  terminates  in  the  point  o,  potential 
difference  and  current  being  then  reduced  to  niL  As  the  field- 
magnets,  however,  rarely  lose  the  whole  of  their  magnetism,  a 
feeble  current  usually  continues  to  flow  after  the  terminals  have 
been  short-circuited,  so  that  the  curve  may  really  end  at  a  point 
some  little  distance  from  o  along  the  line  o  x. 

In  most  modem  machines  the  armature  resistance  is  much 
lower  than  that  of  the  machine  from  which  the  curve  given  in 
fig.  167  was  obtained,  and,  consequently,  in  such  machines  the 
curve  remains  approximately  horizontal  for  a  proportionally  greater 
distance  from  the  point  p,  indicating  that  a  much  larger  current 
can  be  taken  from  the  armature  without  materially  lowering  the 
potential  difference  between  the  brushes. 

Although  these  characteristics  give  us  a  clear  idea  of  the 
manner  in  which  the  external  potential  varies  with  a  variation  in 
the  current  strength,  we  can  better  understand  the  method  of 
combining— or,  technically  speaking,  *  compounding ' — the  series 
and  shunt  windings  to  obtain  self-regulation,  by  constructing  and 
comparing  other  curves,  which  show  how  the  external  potential 
difference  and  the  external  resistance  vary  together,  both  in  a 
series  and  a  shunt  machine.  As  before,  the  ordinates  (fig.  168) 
represent  volts,  but  the  abscissae  now  represent  ohms.  The  figure 
shows  two  curves,  one  for  a  shunt  and  the  other  for  a  series 
machine,  both  starting  at  or  near  the  line  o  v,  when  the  external 
resistance  is  very  low.  In  the  case  of  the  shunt  machine,  the 
curve  shows  the  potential  difference  to  be  very  low  at  first, 
gradually  rising  for  a  short  distance  as  the  external  resistance  is 
increased,  until  at  a  certain  stage  it  ascends  suddenly,  this,  as  we 
know,  occurring  when  the  external  resistance  is  high  enough  to 
allow  the  field-magnets  to  become  strongly  magnetised.  On  the 
other  hand,  the  curve  from  the  series  machine  is  at  its  highest 
point  B,  when  the  resistance  is  low,  and  it  falls  almost  in  the  same 
manner  as  the  other  curve  rises.  This  curve  can  hardly  start  on 
the  line  o  v,  because,  of  course,  when  the  resistance  between  the 
terminals  is  nil  no  difference  of  potential  can  exist,  but  it  quickly 
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reaches  the  highest  point  as  the  resistance  is  increased,  and  then 
rapidly  falls  as  the  further  increase  of  resistance  reduces  the 
current  sufficiently  to  considerably  weaken  the  field.  Now,  if  in 
one  machine  it  is  possible  to  so  proportion  the  shunt  and  series 
windings  that  the  maximum  effect  of  the  series  coil  is  equal  to  the 
maximum  effect  of  the  shunt  coil,  and  also  that  the  effect  of  the 
series  coil  diminishes  in  the  same  proportion  as  the  effect  of  the 
shunt  coil  increases,  these  two  windings  will  counterbalance  each 
other  through  a  considerable  variation  of  external  resistance,  and 


the  result  will  be  a  constant  external  potential  difference.  The 
first  condition  would  make  the  height  of  the  highest  points  on  each 
curve  equal ;  while  if  the  second  condition  were  attained,  the 
slope  downward  of  the  one  curve  would  exactly  correspond  to 
the  slope  upward  of  the  other.  And  at  any  point,  such  as  E,  the 
potential  difference  due  to  the  series  coil  added  to  that  due  to  the 
shunt  coil— that  is,  e  f  +  e  g— should  give  us  the  vertical  line  e  h 
equal  to  the  height  of  the  highest  point  on  each  curve.  Likewise, 
the  point  of  intersection  a  should  be  midway  between  b  d  and 
o  X,  and  the  heights  of  the  two  curves  added  together  throughout 
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should  produce  the  straight  line  b  d.  Then  the  potential  differ- 
ence at  the  terminals  being  constant,  the  current  will  vary  regu- 
larly with  the  resistance,  and  we  shall  consequently  obtain  a 
straight  line  for  the  characteristic  curve  of  the  compound-wound 
machine.  It  is  evident  that  if  the  series  coil  acts  too  powerfully 
the  effect  will  be  to  raise  the  point  b  —  that  is,  to  make  the  potential 
difference  at  the  brushes  higher  when  the  external  resistance  is 
low  and  the  current  strong,  than  when  the  external  resistance  is 
higher,  and  vice  versd. 

Since,  however,  the  effect  of  an  alteration  of  the  speed  of 
rotation  of  the  armature  is  so  different  in  the  case  of  a  series  as 
compared  with  a  shunt  machine,  a  dynamo  compounded  in  the 
manner  just  described  is  only  self-regulating  at  approximately  the 
speed  for  which  it  was  designed  ;  for  at  any  other  speed  the  two 
windings  do  not  compensate  each  other. 

In  the  case  of  a  series  machine,  if,  for  instance,  the  speed  were 
doubled  and  the  external  resistance  increased  sufficiently  to  keep 
the  current  the  same,  the  strength  of  field  would  remain  unaltered . 
and  the  e.m.f.  would  be  increased  almost,  but  not  quite,  twofold 
by  the  doubled  speed.  On  the  other  hand,  if,  with  a  shunt 
dynamo,  by  increasing  the  external  resistance  we  maintain  the 
external  current  constant  when  the  speed  is  doubled,  the  current 
in  the  shunt  coil,  and  therefore  the  strength  of  the  field,  increases 
instead  of  remaining  the  same,  as  does  that  of  a  series  dynamo. 
While,  if  at  the  doubled  speed  the  resistance  were  reduced  to  make 
the  current  in  the  shunt  coil  the  same  as  at  the  lower  speed,  the 
external  current  would  be  greatly  increased  in  strength.  Therefore, 
because  of  these  different  effects  of  an  alteration  of  speed  on  the 
series  and  shunt  windings,  the  dynamo  will  only  regulate  perfectly 
when  driven  at  or  near  the  particular  speed  for  which  it  was  com- 
pounded. In  practice  the  speed  at  which  the  machine  is  to  run  is 
usually  determined  beforehand,  then  at  this  speed  the  shunt  coils 
alone  must  be  able  to  provide  a  sufficiently  strong  field  to  develop 
at  the  terminals  the  required  potential  difference  when  the  external 
circuit  is  disconnected,  while  when  the  external  resistance  is  made 
as  low  as  it  ever  will  be  in  actual  working,  the  ampere-turns  in 
series  should,  with  the  assistance  of  the  shunt  coil,  be  able  to  main- 
tain this  same  field. 
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The  connections  of  a  compound-wound  dynamo,  and  the  paths 
taken  by  the  current  through  its  coils,  are  typically  illustrated  in 
fig.  169. 

As  in  previous  similar  figures,  Bi  Bj  are  the  brushes.  At  Bi  the 
current  generated  in  the  armature  divides,  part  going  through  the 
shunt  coils  wound  on  the  lower  parts  of  the  limbs  of  the  field- 

FiG.  169. 


magnet  and  thence  returning  to  the  brush,  83 ;  the  remainder 
passes  through  the  external  circuit  R,  then  round  the  series  coils 
on  the  upper  part  of  the  field-magnet,  and  thence  to  the  brush,  Bj. 
The  shunt  coils  are  wound  with  comparatively  fine  wire,  but,  of 
course,  the  resistance  of  the  series  coils  must  be  kept  very  low  as 
they  carry  the  main  current,  and  they  are  composed,  therefore,  of 
a  few  turns  of  very  thick  wire.     The  relative  positions  of  the  two 
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sets  of  coils  is  not  always  that  shown,  the  series  coil  being  some- 
times wound  outside  and  sometimes  inside  the  shunt  coil ;  but 
this  not  very  important  point  is  decided  by  convenience  in  con- 
struction rather  than  by  theory. 

To  render  the  path  of  the  current  even  more  easily  understood, 
fig.  170  is  added  ;  R  is  the  external  circuit,  d  the  armature,  s  the 
shunt  coil,  and  p  the  series  coil. 

In  some  cases  a  machine  is  designed  to  produce  the  result 
referred  to  on  p.  345 —that  is,  to  make  the  potential  difference  at 
the  brushes  higher  when  the  external  resistance  is  low  and  the 
current  strong,  than  when  the  external  resistance  is  comparatively 
great  and  the  current  feeble.  Let  it  be  supposed,  for  example, 
that  a  large   and  varying 

number  of  lamps  joined  in  p  '°*  ''°* 

parallel  have  to  be  sup- 
plied from  a  dynamo  at  a 
considerable  distance  away, 
in  which  case  the  resistance 
of  the  main  leads  would 
be  comparatively  high,  say, 
one-tenth  of  an  ohm.  If 
the  maximum  current  were 
100  amperes,  the  fall  of  po- 
tential between  the  machine  ^ 

and  the  lamps  would  be  100  x  'i  =  10  volts  ;  but  when  only  one- 
tenth  of  the  lamps  are  in  use  the  current  would  be  10  amperes, 
and  the  fall  potential  in  the  mains  only  10  x  '1  =  1  volt.  From 
this  it  is  clear  that  if  the  lamps  required  a  potential  difference  of 
100  volts,  a  machine  which  could  simply  maintain  a  potential 
difference  of  100  volts  between  its  brushes  would  be  unsuitable. 
But  if  its  series  coils  were  made  to  preponderate  over  the  shunt 
coils  in  the  manner  indicated,  and  to  such  an  extent  that  no 
volts  were  developed  with  a  current  of  100  amperes  in  the  main 
circuit,  the  loss  on  the  mains  would  be  compensated  for  and 
the  requisite  potential  difference  at  the  lamps  would  be  main- 
tained. A  machine  so  constructed  is  said  to  be  *  over-com- 
pounded.* 

As  a  matter  of  fact,  were  a  machine  to  be  designed  so  that 
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the  maximum  effect  of  the  series  coil  alone  were  fully  equal  to 
that  of  the  shunt  coil,  as  indicated  in  fig.  168,  the  machine  would 
be  over-compounded,  because  when  the  current  in  the  external 
circuit  arrives  at  that  strength  at  which  the  pressure  at  the  brushes 
of  a  simple  shunt  machine  would  commence  to  drop,  that  same 
current  passing  through  the  series  coils  maintains  the  field,  and, 
consequently,  also  the  pressure  between  the  mains,  the  only  reduc- 
tion in  the  pressure  between  the  ends  of  the  shunt  coil  being  that 
due  to  the  fall  of  potential  along  the  series  coil,  which,  although 
thick,  offers  of  course  an  appreciable  resistance. 

The  over-compounding  of  a  machine  is  also  of  service  in 
compensating  for  the  slowing  down  of  its  driving-engine  or  the 
slipping  of  the  driving-belt  if  one  is  employed,  both  of  which 
effects  are  usually  appreciably  greater  as  the  current  taken  from 
the  dynamo  increases. 

The  combination  of  shunt  and  series  coils  for  the  field-magnet 
as  described,  is  the  method  commonly  adopted  to  obtain  a  constant 
external  potential,  notwithstanding  variations  in  the  external  cir- 
cuit. We  shall  not  refer  to  any  other  methods,  many  of  which 
are  only  theoretically  possible,  but  may  briefly  mention  some 
interesting  experiments  of  the  Drs.  Hopkinson  which  bear  some- 
what upon  this  point.  They  disconnected  the  field-magnet  coils 
of  a  certain  machine,  and,  having  placed  the  brushes  in  the  posi- 
tion for  an  undistorted  field,  connected  them  to  the  terminals  of 
a  Siemens  dynamometer.  Then,  when  the  armature  was  driven 
at  1,380  revolutions  per  minute,  the  current,  due  solely  to  residual 
magnetism,  was  52  amperes  ;  but  on  giving  the  brushes  a  slight 
forward  lead,  the  current  fell  almost  to  zero,  because  the  field 
due  to  the  current  in  the  armature  was  then  opposing  that 
maintained  by  the  residual  magnetism.  But  when  a  backward 
lead  was  given  to  the  brushes,  the  polarity  of  the  armature  was 
shifted  round  so  as  to  enhance  the  residual  magnetism  in  the 
pole-pieces  ;  the  armature,  in  fact,  now  generated  its  own  field, 
and  a  current  of  234  amperes  was  obtained.  Since  the  field  in 
such  a  case  is  almost  proportional  to  the  current  flowing  in  the 
armature,  which  increases  as  the  external  resistance  falls,  such  an 
arrangement  would  regulate  for  constant  potential ;  but  it  is  not 
practicable  owing  to  the  destructive  sparking  which  arises  in 
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consequence  of  the  coils  being  short-circuited  by  the  brushes 
while  fairly  active. 

It  should  always  be  borne  in  mind,  however,  that  the  range 
over  which  a  simple  shunt- wound  machine  is  self-regulating 
becomes  increased  as  the  armature  resistance  is  diminished  ;  and 
as  in  many  modem  machines,  more  particularly  large  ones,  such 
as  those  employed  for  Central  Station  work,  the  armature 
resistance  is  exceedingly  low,  compound  winding  is  not  resorted 
to  so  often  as  might  otherwise  be  expected. 

We  have  seen  that  it  is  possible  and  frequently  necessary  to 
connect  primary  cells,  sometimes  in  series  and  sometimes  in 
parallel ;  the  former  device  being  adopted  when  an  increase  in 
electro-motive  force  is  desired,  and  the  latter  when  it  is  sought  to 

Fig.  171. 


obtain  an  increased  current  strength  due  to  the  reduced  internal 
resistance.  In  just  the  same  way  it  is  sometimes  necessary  to 
join  two  or  more  dynamos,  either  in  series  or  in  parallel,  to  feed 
the  same  circuit.  Connection  in  series  is  usually  adopted  on  a 
constant  current  circuit,  such  as  an  arc  light  circuit  where  all  the 
lamps  are  joined  in  series,  and  a  current  of,  say,  10  amperes  is 
required  through  each.  Series-wound  machines,  of  a  special 
type  to  be  presently  described,  are  employed  for  such  a  purpose, 
and  little  difficulty  need  be  experienced  in  throwing  a  second 
machine  in  circuit  while  the  first  is  running,  without  interfering 
with  the  lamps.  For  example,  in  fig.  171,  suppose  the  machine 
B  to  be  working  at  nearly  its  full  capacity,  and  that  more  lamps 
are  wanted  in  circuit ;  it  therefore  becomes  necessary  to  throw 
the  second  machine  a  in  series  with  b  to  provide  the  required 
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increase  in  electro-motive  force.  Now,  if  the  machine  a  which  is 
at  rest  be  joined  up  as  shown  in  the  figure,  but  with  its  field- 
magnet  coils  short-circuited,  the  whole  of  the  current  will  pass 
through  the  short-circuiting  connection  and  through  the  armature, 
the  field  not  becoming  excited,  so  that  the  machine  cannot  start 
as  a  motor.  The  armature  which  is  then  carrying  the  full  current 
of,  say,  lo  amperes  can  then  be  driven  up  to  its  proper  speed, 
when  the  field-magnet  can  be  thrown  in  circuit,  so  that  this 
machine  can  begin  to  assist  the  other.  The  automatic  regulators 
of  each  machine  should  divide  the  work  between  the  two,  keeping 
the  potential  difference  between  the  terminals  of  one  machine 
approximately  equal  to  that  between  the  terminals  of  the  other. 
Better  regulation  is  however,  obtained  by  so  arranging  matters 
that  the  field-magnet  coils  of  the  two  machines  are  joined  directly 
in  series,  and  the  regulating  shunt  connected  across  the  two,  one 
regulator  only  being  employed. 

It  is  clear  that,  if  necessary,  the  machine  b  could  be  removed 
from  the  circuit  in  th*e  same  manner,  by  first  short-circuiting  its 
field-magnet  coils,  and  then  letting  it  run  down,  and  indeed  this 
arrangement  is  usually  adopted  when,  for  example,  a  machine 
shows  signs  of  distress  after  a  long  run  and  requires  overhauling. 
The  second  machine  is  first  inserted  in  circuit,  and  automatically 
takes  an  increasing  proportion  of  the  work  as  the  first  one  is 
slowed  down  and  finally  short-circuited.  Appropriate  switching 
arrangements  are,  of  course,  essential  for  making  these  changes, 
as  the  electro-motive  force  usually  amounts  to  one  or  two  thousand 
volts. 

It  is  needless  to  mention  that  if  the  second  dynamo  were 
incorrectly  joined  in  circuit,  its  field-magnet  would  be  magnetised 
in  the  reverse  direction,  and  the  armature  would,  when  rotated, 
generate  an  electro- motive  force  opposing  that  of  the  machine 
already  in  circuit. 

When  lamps  are  joined  in  parallel  circuit  between  two  mains, 
an  increase  in  the  number  placed  in  circuit  means  a  reduction  in 
the  resistance  between  the  mains,  and  a  corresponding  increase  in  the 
strength  of  the  current  which  the  dynamo  is  called  upon  to  supply, 
it  being  imperative  that  the  potential  difference  between  the  mains 
shallVemain  unaltered,  notwithstanding  considerable  changes  in  the 
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current  strength.  In  such  a  case  any  dynamo  employed  to  assist 
one  already  at  work  must  be  joined  in  parallel  with  it,  and  simple 
shunt  machines  lend  themselves  most  readily  to  such  working. 
A  shunt  machine  while  at  rest  cannot,  however,  be  switched  on 
to  the  circuit  in  parallel  with  a  machine  already  working  and 
maintaining  a  pressure  of,  say,  100  volts  between  the  mains, 
because  of  the  enormous  current  which  would  flow  through  the 
stationary  armature.  There  are  two  paths  open  for  such  a  current 
between  the  terminals  of  a  shunt-wound  machine,  one  through 
the  field-magnet  coils  and  the  other  through  the  armature. 
The  armature  resistance  should  be  extremely  low  ;  if  it  were  one 
hundredth  of  an  ohm  the  current  through  it  would  be  no  less  than 

i?  -  =  10,000  amperes,  supposing  the  armature  to  remain  at  rest 
•01 

and  the  pressure  of  100  volts  to  be  maintained.  Such  a  current 
would,  if  maintained,  burn  up  the  armature,  and  although,  for 
reasons  which  will  be  subsequently  explained,  it  would  probably 
not  continue  for  any  length  of  time,  it  is  clear  that  the  risk  of  its 
even  starting  must  be  avoided.  Consequently,  it  is  necessary  to 
drive  the  second  machine  up  to  its  normal  speed,  and  wait  until 
its  field- magnets  are  fully  excited  and  the  pressure  of  100  volts  is 
developed  between  its  terminals  before  switching  it  into  circuit. 
An  even  better  plan  is  to  arrange  the  connections  in  such  a  way 
that  the  field-magnet  coils  may  be  joined  to  the  main  or  *  omnibus ' 
leads  independently  of  the  armature. 

Then,  in  order  to  bring  a  second  machine  into  play,  its  field- 
magnet  coils  are  first  joined  across  between  the  mains,  when  the 
potential  difierence  of  100  volts  starts  and  maintains  through  the 
coils  the  requisite  current  to  fully  excite  the  field-magnets.  The 
armature  should  then  be  driven  up  to  its  normal  speed,  and  when, 
as  shown  by  a  voltmeter  connected  across  the  brushes,  it  is 
developing  100  volts,  it  can  be  switched  in  circuit,  and  the 
admission  of  steam  to  the  engine  cylinder  increased,  either 
automatically  or  by  hand,  until  the  machine  supplies  its  share  of 
current  to  the  main  circuit.  In  fig.  172,  two  dynamos  are  shown 
supplying  a  common  pair  of  mains,  and  of  course  any  number  of 
machines  may  be  so  connected.  It  will  be  noticed  that  in  each 
case  one  brush  and  one  end  of  the  field-magnet  coils  are  joined 
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to  the  negative  main  by  a  common  lead,  in  which  a  switch 
may  be  inserted,  while  another  switch  may  be  placed  between  the 
other  brush  and  the  positive  main.  A  third  switch  may  be 
inserted  between  the  positive  main  and  the  field-magnet  coils. 
In  throwing  a  machine  out  of  circuit  the  admission  of  steam 
should  be  reduced  until  the  current  passing  from  the  armature 
falls  to  a  small  amount,  when  the  armature  switch  can  be  opened 
without  any  appreciable  spark  passing.  The  field-magnet  coil 
should  then  be  disconnected,  but  if  this  were  done  without  any 
precaution   being  adopted  to  prevent  it,  a  considerable  spark 


Fig.  172. 


would  occur  at  the  switch  contact  point,  on  account  of  the  high 
self-induction  of  the  field-magnet.  It  is  therefore  advisable  to 
first  shunt  the  field-magnet  coils  by  a  non-inductive  resistance  of 
approximately  the  same  value,  and  then,  when  the  circuit  with 
the  positive  main  is  broken,  the  extra  current  will  circulate  in  this 
shunt  and  die  away,  thus  preventing  any  appreciable  spark  at  the 
contactb  of  the  switch. 
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In  the  St.  James  and  Pall  Mall  installation  a  number  of  shunt- 
wound  machines  are  worked  in  parallel,  and  an  automatic  switch 
is  placed  between  each  armature  and  one  of  the  mains,  as  shown 
at  B  in  fig.  172.  This  switch  consists  of  a  lever  carrying  a  soft 
iron  armature  or  keeper,  and  an  inverted  U-shaped  copper  con- 
necting piece,  both  on  the  same  side  of  the  point  at  which  the 
lever  is  pivoted.  When  this  end  of  the  lever  is  depressed  the 
legs  of  the  f|  each  dip  into  a  mercury  cup  and  thus  complete 

Fig.  173. 


the  armature  circuit,  which  passes  once  round  two  soft  iron  cores 
placed  under  the  soft  iron  keeper.  When  the  machine  is  being 
started  this  connection  is  made  by  hand,  and  directly  the  current 
starts  the  soft  iron  cores  attract  the  soft  iron  keeper  and  hold 
this  end  of  the  lever  down,  thus  maintaining  the  circuit.  Should 
the  current  fall  below,  say,  25  amperes,  a  weight  at  the  other  end 
of  the  lever  operates  and  immediately  breaks  the  circuit,  so  that 
not  only  is  the  armature  automatically  disconnected  at  the  right 
moment  when  the  engine  is  slowed  down  for  the  purpose  of 
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throwing  a  particular  machine  out  of  circuit,  but  a  like  discon- 
nection also  occurs  should  any  accident  happen  to  either  the 
engine  or  the  machine. 

Compound  machines  are  also  sometimes  worked  in  parallel, 
but  the  arrangement  is  necessarily  more  complicated,  and  the 
liability  to  accident  when  making  changes  greater,  than  in  the  case 
of  shunt  machines.  The  method  of  connecting  devised  by  Mr. 
W.  M.  Mordey  and  illustrated  in  fig.  173  is  probably  the  best, 
and  is  certainly  satisfactory  when  the  machines  are  similar.  Two 
machines  are  shown  in  the  figure,  connected  across  between  the 
positive  and  negative  main  leads,  from  which  the  lamp  circuits 
may  be  tapped  off,  the  object  being,  of  course,  to  enable  the  load 
to  be  equally  divided  between  the  machines.  One  end  of  each  of 
the  series  coils  Fj  Fg  is  shown  connected  to  the  positive  main,  the 
other  ends  being  directly  joined  together  by  the  wire  p  q.  One 
end  of  the  shunt  coil  s,  is  also  connected  to  p,  and  the  corre- 
sponding end  of  the  shunt  coil  82  to  q,  the  other  ends  being 
joined  to  the  negative  main.  The  points  p  and  Q  are  always  at 
the  same  potential,  or,  if  not,  an  equalising  current  will  at  once 
flow  between  them,  and  the  consequence  is  that  the  difference  of 
potential  between  the  ends  of  the  two  series  coils  is  always  prac- 
tically the  same,  and  the  currents  passing  through  them  must  be 
equal  if  their  resistances  are  equal ;  and  also  the  potential  difference 
between  the  ends  of  the  two  shunt  coils  is  the  same  and  the 
currents  in  them  will  be  equal  if  their  resistances  are  equal. 
Therefore  the  strength  of  field  will  be  the  same  for  both  machines, 
and  they  will  equally  share  the  work  when  driven  at  the  same 
speed. 

Should  the  machines  be  unequal  the  matter  is  not  quite  so 
simple,  as  among  other  things  the  resistances  of  the  shunt  and 
series  coils  of  the  two  machines  must  be  so  proportioned  that 
each  will  get  the  requisite  amount  of  current  to  excite  the  field- 
magnets  up  to  their  proper  value. 

It  is  evident  that  as  the  object  of  the  wire  p  q  is  to  keep  the 
two  points  p  and  q  at  the  same  potential,  it  must  be  of  sufficiently 
low  resistance  to  prevent  any  appreciable  fall  of  potential  along  it, 
notwithstanding  the  flow  of  an  equalising  current  of  considerable 
strength. 
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Ui,  Bj,  Ci,  Cj  and  d  represent  switches  to  facilitate  the  throwing 
in  and  out  of  circuit  of  either  machine.  Suppose  Aj  is  to  be 
brought  into  play  while  Aj  is  working,  q.^  and  then  d  should  be 
closed  so  that  currents  flow  in  the  proper  direction  through  S2  and 
Fj  to  excite  the  field-magnet  coils,  and  then,  the  armature  being 
run  up  to  the  required  speed,  its  switch  b.j  may  be  closed,  and  the 
machine  then  takes  up  its  proportion  of  the  work. 
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CHAPTER  X. 

DIRECT  CURRENT  DYNAMOS — Continued 

We  will  now  illustrate  and  describe  some  of  the  best  modern 
direct-current  dynamos,  directing  attention  in  each  case  to 
those  details  which  are  likely  to  prove  most  instructive  in  showing 
how  theoretical  principles  are  applied,  and  how,  in  practice, 
mechanical  and  economical  considerations  sometimes  cause  a 
deviation  from  forms  which  a  narrow  theory  might  show  to  be  the 
best. 

The  student  is  recommended  to  pay  particular  attention  to  the 
methods  adopted  for  securing  mechanical  strength  and  durability. 
It  may  be  observed,  for  example,  that  it  is  quite  as  important  to 
prevent  the  conductor  being  stripped  from  an  armature  as  to 
efficiently  insulate  it.  Again,  while  a  waste  of  power,  such  as  is 
evidenced  by  the  heating  of  the  iron  core  by  eddy  currents,  is  to  be 
deprecated,  any  waste  which  shows  itself  in  such  a  manner  as  the 
undue  heating  of  bearings  is  equally,  or  even  more,  to  be  avoided. 
In  both  cases  the  power  applied  to  the  shaft  is  wasted  -in  the 
former  case  after,  and  in  the  latter  case  before,  it  has  been  trans- 
formed into  electrical  power. 

Fig.  174  illustrates  a  dynamo  constructed  by  Messrs.  Easton, 
Anderson  &  (roolden,  the  armature  being  of  the  Gramme  ring 
type,  and  the  field  produced  by  an  inverted  horse-shoe  magnet. 
This  particular  machine  is  compound-wound,  and  the  arrangement 
is  therefore  similar  to  that  depicted  in  fig.  169.  A  vertical  section 
of  the  machine  at  right  angles  to  the  shaft  is  given  in  fig.  175. 
The  bed-plate  is  of  cast-iron  and  includes  a  solid  piece,  d,  in  the 
centre,  directly  under  the  armature  and  field-magnet,  to  form  the 
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yoke  of  the  latter.  But  wrought-iron  is  employed  for  that  portion 
of  the  cores  round  which  the  field-magnet  coils  are  wound, 
each  core,  w  w,  consisting  of  a  slab  of  soft  hammered  scrap-iron  ; 
thus  giving  the  advantage,  previously  referred  to,  of  economising 
copper  wire,  by  obtaining  the  requisite  magnetic  conductivity  with 
the  minimum  sectional  area.  The  pole-pieces,  p  p,  are  of  grey 
cast-iron,  and  the  seclional  area  of  all  the  cast-iron  portions  is 

Fu;.  175. 


made  greater  than  that  of  the  wrought-iron  portions  to  compensate 
for  the  lower  permeability  as  compared  with  that  of  the  excellent 
iron  forming  the  core.  The  cast-iron  pole-pieces  are  here  tapered 
away  to  the  top,  but  it  is  found  that  any  considerable  reduction 
of  the  area  of  the  magnetic  circuit  in  this  manner  tends  to  make 
the  field  through  the  armature  stronger  at  the  lower  part  than  at 
the  upper,  with  the  result  that  there  may  be,  especially  in  large 
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machines,  a  considerable  downward  pull  on  the  armature.  In 
more  recent  machines,  as  will  be  seen,  the  section  of  the  iron  is 
not  reduced  more  than  is  absolutely  necessary  at  any  point. 

Two  long  bolts  pass  through  each  of  the  pole-pieces  and  the 
wrought-iron  cores,  screwing,  at  their  lower  extremities,  into  the 
solid  portion  of  the  bed-plate  which  forms  the  yoke-piece,  and 
thus  holding  these  parts  firmly  together.  The  coils  are  wound  so 
as  to  leave  a  space  between  the  wire  and  the  outer  face  of  the 
wrought-iron  core,  as  shown  at  a  ^r  in  the  figure,  forming  thereby 
an  effective  means  of  ventilation  ;  for  as  the  wire  gets  warm  its 
heat  is  imparted  to  the  air  inside  this  space,  and  this  air  rising,  a 
constant  circulation  is  maintained  and  the  heat  carried  off  by  a 
steady  draught  of  cold  air. 

Fig.  176. 


In  the  particular  machine  illustrated  the  series  winding  consists 
of  twenty- five  convolutions  of  copper  strand,  composed  of  nine- 
teen No.  15  wires  (standard  wire  gauge),  a  stranded  conductor 
being  much  more  flexible  and  more  convenient  to  wind  than  a  solid 
one,  although  it  occupies  a  little  more  space.  Over  this  is  wound 
the  shunt  coil,  which  consists  of  2,712  turns,  its  resistance  being 
20*6  ohms.  In  order  to  afford  a  means  of  obtaining  this  resist- 
ance with  this  particular  number  of  convolutions,  two  sizes  of 
wire  are  employed — viz.  Nos.  15  and  16,  s.w.g  — the  respective 
lengths  of  these  two  wires  being  adjusted  to  satisfy  the  conditions. 

The  complete  armature  is  shown  in  fig.  176.  The  core  con- 
sists of  a  number  of  very  thin  flat  rings  of  well-annealed  cljarcoal 
iron,  as  shown  at  d  in  the  sectional  view  (fig.  175).  The  outer 
diameter  of  each  iron  ring  or  disc  is   iii  inches,  and  its  inner 
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diameter  9J  inches.  Four  rectangular  notches  are  cut  at  equal 
distances  round  the  inner  edge  of  each  disc  :  a  sheet  of  thin  paper 
insulates  each  disc  from  its  neighbours,  the  whole  of  them  being 
held  tightly  together  by  two  rigid  end-plates.  Upon  the  Bessemer 
steel  shaft  b  is  keyed  a  gun-metal  spider  s,  having  four  radial  arms, 
its  length  along  the  shaft  being  equal  to  that  of  the  finished  core, 
and  the  extremities  of  the  arms  fitting  accurately  into  the  notches 
in  the  discs.  The  student  will  remember  the  necessity  for  avoid- 
ing, as  far  as  possible,  the  use  of  iron  in  the  interior  of  a  Gramme 
ring,  and  will  therefore  understand  the  reason  for  making  the 
spider  of  gun-metal.  It  should  also  be  borne  in  mind  that,  although 
it  is  absolutely  necessary  to  efficiently  insulate  the  thin  plates  into 
which  the  core  is  divided,  yet,  in  consequence  of  the  thinness  of 
the  discs,  the  space  occupied  by  the  insulation  forms  a  consider- 
able portion  of  the  whole,  whence  the  magnetic  resistance  is  pro- 
portionally increased.  In  this  particular  case,  80  per  cent,  of  the 
core  consists  of  iron  and  the  rest  of  paper. 

The  armature  conductor  consists  of  cotton-covered  copper  wire 
of  No.  9.  standard  wire  gauge,  lying  round  the  core  in  one  layer, 
and  offering  a  resistance,  from  brush  to  brush,  of  0-048  ohm. 
There  are  two  convolutions  in  each  section,  the  adjacent  ends  of 
neighbouring  sections  being  soldered  to  radial  lugs  projecting  from 
the  commutator  bars,  as  shown  in  fig.  176.  There  are  seventy-six 
such  sections,  and,  consequently,  seventy-six  bars  in  the  commu- 
tator, these  bars  being  of  hard-drawn  copper  insulated  from  each 
other  by  mica  strips  075  mm.  in  thickness.  Mica  is  almost  the 
only  material  now  used  for  this  purpose,  for  which  it  is  eminently 
suitable,  because  of  its  excellent  insulating  properties,  its  great 
durability,  and  its  practically  perfect  cleavage,  in  consequence  of 
which  it  can  be  procured  of  any  desired  thinness. 

As  the  length  of  conductor  parallel  to  the  shaft  is  considerable, 
there  is  a  risk  of  its  bulging  out  when  rotated  at  a  high  speed,  a 
tendency  which  would  be  assisted  by  the  drag  on  the  conductors 
due  to  the  field,  and  by  the  rise  in  temperature  and  consequent 
expansion  of  the  wire  caused  by  the  current  itself.  Any  such 
bulging  out  or  stripping  of  the  conductor  is  prevented  by  binding 
the  armature  with  several  turns  of  fine  strong  wire  in  three  places, 
as  shown  in  fig.  176. 
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The  speed  of  the  machine  is  1,050  revolutions  per  minute,  at 
which  it  is  capable  of  giving  a  current  of  75  amperes,  with  a 
potential  difference  at  its  terminals  of  100  volts. 

The  brushes  consist  of  flat  tough  copper  strips,  fixed  in  adjust- 
able holders,  which  are  carried  by  the  horizontal  arms  projecting 
from  the  rocking  lever,  as  shown  in  fig.  174.  This  lever  is  pro- 
vided with  an  insulating  handle,  by  means  of  which  it  can  be 
rotated  in  either  direction  round  the  axis  of  the  shaft,  thus  afford- 
ing facilities  for  altering  the  lead  of  the  brushes  to  suit  the  require- 
ments. Each  brush  can  also  be  fed  through  its  holder  while  the 
machine  is  running  by  means  of  a  '  feed '  screw.  The  lever  is 
carried  on  a  projection  from  the  standard  supporting  the  bearing, 
and  is  made  in  two  pieces  bolted  together,  so  that  it  can  be  readily 
tightened  up  on  its  bearing,  or,  if  necessary,  removed.  The 
horizontal  arms  are  insulated  from  the  lever  by  hard  fibre  collars  ; 
and,  in  addition  to  the  feeding  screws,  spiral  springs,  with  adjusting 
screws,  are  provided  for  varying  the  pressure  of  the  brushes  on  the 
commutator,  the  pressure  being  always  as  light  as  is  consistent 
with  reliable  contact. 

The  brushes  are  shown  lifted  from  the  commutator  ;  and  it  will 
be  observed  that  they  can  be  adjusted  along  the  bars,  so  as  lo 
press  upon  different  parts  when  the  machine  is  running,  and 
thereby  distribute  the  wear. 

The  shaft-bearings  are  of  phosphor  bronze,  and  the  rim  of  the 
pulley  is  perforated  with  a  view  to  afford  a  better  grip  for  the  belt. 
In  fig.  177  we  illustrate  a  somewhat  larger  machine,  with  a 
drum  armature,  constructed  by  the  same  firm.  This  also  is  com- 
pound-wound, and  is  designed  to  give  a  current  of  320  amperes 
with  a  pressure  of  no  volts  at  the  brushes,  when  driven  at  a  speed 
of  600  revolutions  per  minute.  It  will  be  observed  that  the  field- 
magnet  cores  are  built  up  in  a  more  simple  manner  than  those  of 
the  ring  armature  machine  previously  illustrated,  each  of  the  two 
cores  with  its  pole-piece  consisting  of  a  single  slab  of  w^rought 
iron  fixed  by  two  vertical  bolts  to  the  cast-iron  bed-plate.  Each  slab 
is  machined  out  to  fit  the  slot  in  the  bed-plate,  and  also  to  form  the 
cylindrical  space  in  which  the  armature  revolves.  It  will  be  noticed 
that  the  armature  is  comparatively  longer,  extending  further  beyond 
the  pole-pieces  than  does  the  ring  armature,  and  this  difference  is 
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common  to  all  machines  of  these  two  classes.     It  is  due  to  the 
fact  that  diametrically  opposite  conductors  have  to  be  connected 


together  in  a  drum  armature,  and  the  space  occupied  by  these 
cross  connections,  no  matter  how  they  may  be  arranged,  is  con- 
siderable. 
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The  core  itself  extends  only  through  that  part  of  the  armature 
actually  embraced  by  the  pole-pieces,  so  that  the  active  con- 
ductors project  a  considerable  distance  over  the  edges  of  the  core, 
and  one  important  feature  in  the  machine  under  notice  is  the  manner 
in  which  these  projecting  ends  are  rigidly  held  in  position.  Fig. 
178  gives  an  end  view  of  the  armature,  at  right  angles  to  the  shaft, 
from  the  end  which  is  remote  from  the  commutator,  the  right- 
hand  half  of  the  figure  showing  a  section  through  the  middle 
of  the  armature,  and  the  left-hand  half  being  a  view  of  the  end 
itself.  At  this  end,  as 
shown  on  the  left-hand 
side,  is  a  brass  ring  con- 
nected to  and  driven 
from  its  hub  by  six 
spokes.  The  ends  of 
the  active  conductors  fit 
into  the  periphery  of 
the  ring,  being  separated 
from  each  other  by  hard 
wood  distance  pieces,  so 
that  even  at  the  ends 
these  conductors  are 
held  rigidly  in  position. 
The  method  of  attaining 
the  same  result  at  the 
commutator  end  will  be 
considered  presently, 
and  it  may  be  mentioned 
that  the  securing  of  the  ends  of  the  conductors  from  vibration 
while  the  machine  is  running  is  important,  because  it  entirely 
prevents  the  occurrence  of  a  common  fault  in  drum  armatures, 
viz.  the  failure  of  the  electrical  connection  between  the  active 
conductors  and  the  cross  connectors,  or  the  connections  to  the 
commutator  bars. 

The  core  is  built  up  of  thin  discs  d  of  soft  Swedish  iron,  ever}' 
disc  being  insulated  from  its  neighbour  by  a  sheet  of  thin  paper, 
and  the  sectional  half  of  the  figure  shows  the  manner  in  which  these 
discs  are  driven  from  the  steel  shaft,     A  four-armed  gun  metal 
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spider  is  keyed  to  the  shaft,  and  the  ends  of  the  arms  fit  into 
notches  in  the  inner  edges  of  the  core  discs  as  shown.  Round 
the  periphery  of  each  disc  are  eight  equidistant  notches,  and  these, 
when  the  core  is  built  up,  form  eight  grooves  along  the  entire 
length  of  the  core.  A  strip  of  viilcanised  fibre,  a,  also  equal  in 
length  to  the  core,  is  driven  tightly  into  each  of  these  grooves,  and 
these  fibre  strips  form  an  effective  means  of  driving  the  armature 
conductors.  The  conductors  themselves,  as  shown  at  r,  are  rect- 
angular in  section,  and  project  the  same  distance  from  the  surface 
of  the  core  as  do  the  fibre  driving  strips.  They  are  insulated  from 
each  other  throughout  their  length  by  strips  of  mica,  and  from  the 
core  by  sheets  of  micanite,  the  latter  consisting  of  small  pieces  of  mica 
made  up  into  sheet  form  by  means  of  shellac  while  under  pressure. 
The  armature  is  also  bound  round  at  a  number  of  places  with  thin 
steel  wire,  which  is  likewise  insulated  from  the  conductors  by  a 
layer  of  mica.  The  conductors  are  laminated  as  described  on 
P^gc  43  ^  to  avoid  the  generation  of  eddy  currents  in  them. 

Fig.  1 79  shows  a  side  view  of  half  of  the  armature,  including 
the  commutator  and  one  bearing,  the  upper  half  being  in  section. 
The  commutator  segments,  s,  are  of  hard-drawn  copper  insulated 
with  mica,  and  one  end  of  each  segment  is  dovetailed  into  a  brass 
strip,  T,  which  is  connected  as  shown  to  the  active  conductors, 
These  radial  brass  strips  do  not  touch  each  other  for  the  greater 
part  of  their  length,  thus  allowing  space  for  ventilation  between 
them  ;  but  their  outer  ends  are  thickened,  and  with  the  mica 
insulation  between  these  ends  they  form  a  stiff  ring,  which  rigidly 
holds  the  ends  of  the  active  conductors  and  gives  the  advantages 
obtained  by  the  use  of  the  brass  ring,  previously  referred  to,  at  the 
other  end  of  the  armature.  The  losver  ends  of  the  brass  con- 
necting strips  to  the  right,  and  the  left-hand  ends  of  the  com- 
mutator segments,  are  shaped  as  shown,  to  fit  into  grooves  in 
two  wrought-iron  rings.  The  grooves  are  heavily  insulated  with 
mica  ;  the  right-hand  ring  bears  against  a  shoulder  on  a  cast- 
iron  sleeve,  and  when  the  left-hand  ring  is  forced  up  tightly  in 
position,  by  means  of  a  steel  nut,  the  whole  of  the  segments 
are  rigidly  fixed.  The  V-shaped  grooves  in  the  clamping  rings 
afford  an  extremely  good  means  of  securing  the  segments,  and 
this  method  is  undoubtedly  preferable  to  that  frequently  employed. 
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in  which  the  rings  press   only  against  the    upper  edges  of  the 
segments. 
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The  copper  strips  which  form  the  cross  connections  can  be 
seen  between  the  brass  strip  t  and  the  core- plates  d ;  space  for 
ventilation  is  provided  between  them,  their  edges  fitting  into 
notches  in  fibre  rings,  which  hold  them  in  position  and  keep 
them  equally  spaced. 

Two  sets  of  steel  binding  wire  encircling  the  armature  are 
shown  at  w  w  in  the  figure ;  the  armature  is  similarly  bound 
at  a  number  of  places  throughout  its  entire  length. 

The  bearings  in  which  the  armature  shaft  revolves  have 
spherical  seatings,  which  enable  them  to  adjust  themselves  to 
the  shaft,  and  thus  avoid  the  friction  which  inevitably  arises  with 
rigidly  fixed  bearings  unless  they  are  set  absolutely  in  line. 

The  commutator  of  a  dynamo  is  the  part  most  subject  to  wear 
and  deterioration,  and  the  life  of  a  commutator,  supposing  it  to 
be  well  made  at  the  start,  depends  almost  entirely  upon  the 
adjustment  of  the  brushes,  which  should  be  set  so  as  to  avoid 
sparking,  press  heavily  enough  to  insure  reliable  contact,  and  yet 
not  so  heavily  as  to  wear  themselves  or  the  surface  of  the  com- 
mutator, at  an  undue  rate.  Hence  it  becomes  necessary  to  afford 
effective  means  for  readily  adjusting  the  brushes  of  a  machine, 
even  while  it  is  running,  and  it  is  safe  to  say  that  no  better  brush- 
holder  than  that  employed  on  the  machines  just  described  has  yet 
been  designed.  The  distinctive  feature  of  this  holder  is  a  feed- 
screw, which  admits  of  each  brush  being  fed  backwards  or  forwards, 
in  a  direction  parallel  to  its  length,  merely  by  turning  the  screw- 
head  ;  an  operation  which  usually  necessitates  the  releasing  of  a 
clamping  screw,  which  is  tightened  up  again  after  the  brush  has 
been  shifted.  This  brush-holder  is  illustrated  in  fig.  i8o,  a  side 
view  being  shown  to  the  left,  while  the  right-hand  illustrates  the 
holder  as  viewed  from  the  back.  The  upper  portion  of  the 
rocking  bar  is  shown  at  a  ;  this  rocking  bar  is  carried  on  a  collar 
which  forms  an  extension  of  the  pedestal  at  the  commutator  end 
of  the  machine,  and  which  is  shown  at  r  in  fig.  1 79,  By  means 
of  the  handle  h,  both  the  upper  and  lower  sets  of  brushes  can  be 
rocked  round  together,  through  a  considerable  angle,  until  the 
position  of  no  sparking  is  found.  A  horizontal  spindle,  s,  passes 
through  the  rocking  bar  ;  it  is  insulated  therefrom  by  the  vul- 
canised fibre  collar  and  washers  a  a,  and  rigidly  clamped  thereto 
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by^  steel  nut  and  washer  on  either  side.     A  small  bracket  c  c  is 
rigidly  fixed  on  the  spindle  s,  by  means  of  a  screw  d,  and  a  second 
bracket  e  e  rocks  freely  on  the  spindle.    This  latter  bracket  carries 
the  brush  b,  which  is  clamped  between  two  thin  stiffening  plates, 
and  a  spiral  spring,  pressing  down  upon  a  third  thicker  plate, 
holds  the  brush  firmly  in  position,  while  it  at  the  same  time  allows 
the  brush  to  slide  backward  or  forward.     The  end  of  the  brush 
remote  from  the   commutator  is  fixed  in  a  small   holder  f  by 
means  of  a  set  screw  g  ;  the  feeding  screw  k  passes  through  and 
bears  against  this  small  holder,  while  the  thread  of  the  screw 
works  in  the  movable  bracket  e.     It  follows  therefore  that  when 
the  feeding  screw  k  is  turned  to  the  right,  the  brush  is  fed  forward 
through  the  bracket  e,  while  it  is  brought  backward  by  turning 
the  feeding  screw  to  the  left,  this  sliding  motion  being  entirely 
independent  of  any  other  adjustment.    The  actual  pressure  of  the 
brush  on  the  commutator  is  regulated  by  turning  the  milled  nut  l 
on  a  small  screw  which  passes  through  the  lower  end  of  the  fixed 
bracket  c.    The  screw  is  slotted  to  receive  a  small  set  screw  fixed 
in  the  bracket,  which  prevents  it  turning,  and  the  end  of  the  screw 
carries  a  spiral  spring  m,  the  other  end  of  which  is  fixed  to  the 
lower  extremity  of  the  movable  bracket  e.     By  turning  the  milled 
nut  to  the  right  the  tension  on  the  spring  m  is  increased  and  the 
pressure  of  the  brushes  on  the  commutator  made  greater,  and 
vice  versL    The  holding-off  catch  p  enables  the  brush  to  be  lifted 
from  the  commutator  and  held  away  therefrom.     In  order  to 
effect  this  it  is  pushed  forward  until  the  slot  engages  with  the  pin 
on  the  bracket  c ;  the  upper  end  of  the  movable  bracket  e  is  thus 
forced  backward,  carrying  the  brush  with  it. 

The  two  dynamos  described  are  compounded.  The  object  is  to 
give  a  constant  potential  when  driven  at  a  certain  speed,  but  for 
cases  where  the  speed  is  liable  to  variation,  and  where,  therefore, 
a  compound  machine  cannot  with  advantage  be  used,  but  where 
a  constant  potential  difference  is  required,  or  where  it  is  desired  to 
maintain  a  constant  current  although  the  external  resistance  varies, 
an  automatic  mechanical  regulator  is  employed.  This  regulator 
varies  the  strength  of  the  field  by  altering  the  strength  of  the 
current  flowing  through  the  field-magnet  coils.  A  set  of  resistance 
coils  is  placed  in  series  with  the  fieW-magnet  coils  of  a  shunt- 
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wound  machine,  and  an  arrangement  adopted  for  cutting  out  some 
of  these  coils  when  the  current  or  the  potential  difference  falls  too 
low,  or  inserting  more  of  them  when  it  becomes  too  high.  The 
complete  set  of  regulating  apparatus  is  shown  in  fig.  181.  The 
resistance  coils,  which  are  shown  at  the  lower  part  of  the  figure, 
consist  of  spirals  of  bare  iron  wire,  supported  by  a  wooden  frame 
in  such  a  manner  as  to  afford  great  facilities  for  cooling  when 
heated  by  the  passage  of  the  current.  An  important  part  of  the 
apparatus  is  the  large  solenoid,  placed  with  its  axis  vertical.  If  it 
is  desired  to  maintain  a  constant  potential  under  varying  conditions, 
this  solenoid  consists  of  many  turns  of  fine  copper  wire,  the  two 
wires  a  and  b,  leading  from  its  terminals,  being  joined  to  the 
brushes  of  the  dynamo.  An  iron  core,  suspended  by  a  spiral 
spring,  enters  a  short  distance  into  the  upper  portion  of  the  sole- 
noid. When  the  potential  rises  the  current  increases  and  sucks 
this  core  further  down  ;  while  a  fall  of  potential  allows  the  antago- 
nistic spiral  spring  to  withdraw  the  core  a  little.  From  the  upper 
portion  of  the  core  projects  an  arm,  its  end  playing  between  two 
light  wheels  which  are  rigidly  fixed  on  a  common  vertical  spindle, 
this  spindle  having  a  small  amount  of  end-play.  The  tension  of 
the  spring  is  so  adjusted  that  when  the  potential  is  at  the  required 
value  the  upper  wheel  just  rests  upon  the  arm  projecting  from  the 
core,  and  both  wheels  are  kept  clear  of  a  small  rubber-faced  disc 
on  the  end  of  a  short  horizontal  shaft,  which  is  driven  by  a  belt 
from  the  main  shafting.  If,  on  account  of  a  rise  in  the  potential, 
the  core  with  its  projecting  arm  is  sucked  down,  the  two  light 
wheels  drop,  and,  the  upper  one  engaging  with  the  rubber  disc,  is 
rapidly  rotated.  A  screw  thread  is  cut  in  the  vertical  spindle  some 
little  distance  below  the  wheels,  and  on  it  is  a  rather  long  screw-nut 
which  is  prevented  rotating,  and  which,  therefore,  travels  up  or 
down  according  to  the  direction  of  rotation  of  the  vertical  spindle. 
A  flat  spring  projects  from  this  nut,  its  end  passing  over  a  set  of 
contact  pieces  to  which  are  connected  the  various  resistance  coils, 
one  end  of  the  series  of  coils  being  joined  to  the  upper  contact 
piece,  and  the  other  end  direct  to  the  vertical  spindle  and  screw 
nut,  which  are  also  in  connection  with  the  terminal  u.  The 
arrangement  is  such  that  the  motion  imparted  to  the  spindle,  due 
to  an  increase  of  l.m.f.,  moves  the  flat  spring  in  the  direction 
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which  throws  more  resistance  in  series  with  the  field-magnet  coils, 
while  if  the  core  is  moved  upwards  the  lower  wheel  engages  with 
the  friction  disc  and  rotates  the  spindle  in  the  reverse  direction, 
reducing  the  resistance  in  the  field-magnet  circuit. 

The  solenoid  is  subject  to  the  same  heating  error  as  a  volt- 
meter, and  to  minimise  this  it  is  more  frequently  wound  with 
fairly  thick  wire,  the  temperature  of  which  rises  but  little,  and  the 
necessary  resistance  is  obtained  by  joining  in  series  with  it  Ger- 
man silver  coils,  which  have  a  lower  temperature  co-efficient,  and 
which,  being  left  bare,  dissipate  heat  readily. 

When  the  apparatus  is  required  to  maintain  a  constant  current, 
the  solenoid  is  wound  with  thick  wire,  and  is  joined  up  directly  in 
the  main  circuit ;  the  rise  and  fall  of  the  main  current  which  passes 
through  it  acting  in  the  same  way  as  a  rise  and  fall  of  potential  at 
its  ends.  The  small  horizontal  shaft  is  driven  at  about  400  revo- 
lutions per  minute,  and  the  nut  carrying  the  contact  spring  can 
then  travel  over  the  whole  range  in  about  ten  or  twelve  seconds. 
The  flat  spring  is  so  broad  that  the  circuit  is  never  broken  during 
the  movement  of  the  spring,  and  a  large  number  of  coils  is 
employed  in  order  that  the  increase  or  decrease  of  the  resistance 
shall  take  place  gradually.  The  weak  point  about  the  apparatus, 
as  depicted  in  fig.  181,  is  the  means  adopted  for  imparting  circular 
motion  to  the  light  wheels  ;  for,  although  the  friction  between  the 
rubber  disc  and  the  wheel  rim  is  at  first  quite  sufficient,  it  becomes 
uncertain  and  unreliable  if  the  rubber  gets  dirty  or  covered  with 
oil.  To  overcome  this  difficulty  an  entirely  different  gearing  has 
been  adopted  in  the  later  apparatus,  the  essential  parts  of  which 
are  shown  in  fig.  182.  r  is  the  contact  spring,  carried  by  the  nut  n, 
working  upon  the  screw  shaft  g,  up  or  down  which  the  nut  travels 
according  to  the  direction  in  which  the  screw  is  turned.  The 
screw  forms  the  lower  part  of  the  vertical  spindle  f  g,  upon  the 
upper  part  of  which  is  fixed  a  pin-wheel  a,  that  is,  a  flat  disc 
having  a  number  of  pins  fixed  parallel  to  its  axis  at  equal  distances 
round  its  circumference.  Behind  the  spindle  and  parallel  to  the 
plane  of  the  disc  are  two  endless  screws  d,  e,  the  upper  one  being 
at  the  end  of  the  shaft,  which  is  driven  by  a  belt  on  the  pulley  p. 
By  means  of  the  equal  spur  wheels  h  and  k,  the  lower  shaft  is 
driven  at  the  same  velocity  as  the  upper  one,  but  in  the  opposite 
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direction.  The  arm  projecting  from  the.  top  of  the  core  of  the 
solenoid  is  pivoted  at  c,  and  forked  from  the  point  b,  the  adjust- 
ment, as  before,  being  such  that  when  the  current  or  potential  is 
at  its  proper  value  the  pin-wheel  rests  on  the  extremities  of  the 
fork,  just  midway  between  the  two  revolving  screws.  Any  move- 
ment of  the  core  raises  or  lowers  the  supporting  arm,  thus  lifting 
the  pin-wheel  or  allowing  it  to  fall,  so  that  the  pins  then  gear  either 
with  the  upper  or  the  lower  screw,  and  communicate  a  circular 
motion  to  the  vertical  spindle  in  the  one  direction  or  the  other  as 
the  case  may  be. 

Within  certain  limits,  the  e.m.f.  or  current  which  the  regu- 
lator maintains  can  be  varied  by  altering  the  tension  of  the  spiral 

Fig.  183. 


spring  (fig.  181),  and  as  this  spring  is  a  very  important  factor  in  the 
smooth  working  of  the  apparatus,  considerable  care  is  exercised  in 
selecting  it.  In  order  to  render  the  core  perfectly  astatic,  resting 
decidedly  in  any  required  position,  it  is  necessary  for  the  pull  of 
the  solenoid  on  the  core  and  the  antagonistic  pull  of  the  spring  to 
balance  each  other,  length  for  length,  throughout  the  whole  of 
the  space  travelled  by  the  core — that  is  to  say,  suppose  it  ex- 
periences a  sucking  force  which  moves  it  two  centimetres  inwards, 
against  the  spring,  the  force  of  suction  on  the  core  in  this  new 
position  must  be  greater  by  exactly  the  same  amount  that  is  neces- 
sary to  extend  the  spring  two  centimetres.  This  rather  difficult 
adjustment  is  so  successfully  accomplished  that  the  core  is  per- 
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fectly  astatic,  gliding  to  any  new  position  immediately  the  current 
changes,  and  floating  there  without  any  oscillation. 

The  *  Phoenix '  dynamo  is  made  by  Messrs.  Paterson  &  Cooper 
and  in  two  distinct  forms,  according  to  the  circumstances  under 
which  the  machine  is  to  be  employed.  Where  lightness  of  con- 
struction is  imperative  the  field-magnets  are  made  of  wrought- 
iron,  but  where  the  weight  becomes  a  matter  of  secondary  import- 

FlG.  183. 


ance  cast-iron  is  used,  its  lower  permeability  being  compensated 
for  by  using  about  two  and  a  half  times  the  amount  of  metal.  The 
first  of  these  machines,  in  which  the  aim  has  been  to  obtain  a 
comparatively  great  electrical  output  for  a  minimum  weight,  is 
illustrated  in  fig.  183. 

The  field-magnet  and  bed-plate  are  the  parts  of  the  machine 
in  which  the  greatest  reduction  in  weight  can  be  made,  and  it 
will  be  observed  that   this  reduction  in  weight  is  accomplished 
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without   increasing   the  magnetic   resistance  or   diminishing  the 
mechanical  strength. 

The  field-magnet  is  of  the  horse-shoe  shape,  fixed  with  the 
poles  uppermost.  It  is  made  of  a  single  massive  wrought-iron 
forging,  which  is  slotted  out  to  form  the  two  limbs,  sufficient  metal 
being  left  at  the  bottom  to  form  a  substantial  yoke.  The  space 
in  which  the  armature  revolves  is  then  bored  out.     It  will  thus  be 

Fig.  184. 


seen  that  there  is  no  break  in  the  magnetic  circuit,  while,  being  of 
wrought  iron,  the  magnetic  resistance  is  very  low.  Two  cast-iron 
angle-pieces,  which  receive  the  foundation  bolts,  are  bolted  on  to 
the  yoke.  The  bobbins  on  which  the  field-magnet  coils  are  wound 
are  made  of  sheet- iron,  with  brass  flanges,  and  are  slipped  over 
the  limbs  after  the  wire  has  been  wound. 

Two  very  strong  gun-metal  brackets  are  then  bolted  to  the 
pole-pieces,  for  the  purpose  of  carrying  the  armature  bearings, 
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which  are  of  white  metal,  the  whole  forming  a  machine  mechani- 
cally strong,  but  of  comparatively  little  weight.  It  need  hardly  be 
said  that  this  construction  is  somewhat  expensive,  and  would  not 
be  warrantable  in  cases  where  there  is  a  solid  foundation  available 
and  where  a  little  extra  weight  is  immaterial.  Fig.  184  illustrates 
a  machine  designed  for  use  in  such  cases,  a  section  through  the 
field-magnets  being  shown  in  fig.  185.  Here  the  field-magnets 
are  of  cast-iron,  but  of  greater  sectional  area.  Both  limbs  are  in 
one  casting,  being  connected  together  by  the  rather  thin  piece 
shown  at  a.  This  casting  is  securely  bolted  down  to  the  cast-iron 
bed-plate,  which,  directly  underneath  the  field-magnet,  is  solid 
and  massive,  and,  together  with 
the   thin   connecting-piece  a,  ""  '  ^* 

forms  the  yoke.  The  terminal 
board  is  fixed  across  the  upper 
ends  of  the  field-magnet  cores. 
The  bobbins  are  similar  to 
those  in  the  machine  previously 
described,  but  the  armature  is 
carried  on  cast-iron  standards 
bolted  to  the  bed-plate.  In 
the  machine  shown  the  pulley 
is  grooved  for  rope-driving. 

The  commutator  consists 
of  forty-eight  bars,  of  hard- 
drawn  copper,  insulated  with 
mica.      Fig.     186    gives   two 

views  of  this  commutator,  the  upper  half  in  each  case  being  shown 
in  section.  Upon  the  steel  shaft  f  is  keyed  a  gun-metal  bush,  e, 
with  a  rim  at  one  end  recessed  to  receive  the  projections  from  the 
commutator  bars  b.  The  opposite  corner  of  these  bars  is  shaped 
to  fit  a  steel  ring,  c,  of  triangular  section,  which  is  held  tight 
home  by  the  wrought-iron  nut,  d,  screwed  on  to  the  gun-metal 
bush.  The  bars  are  insulated  from  the  bush  e  and  ring  c  by 
sheets  of  white  fibre,  indicated  by  the  thick  lines  in  the  figure. 

The  armature  is  of  the  ring  type,  and  its  core  is  built  up  of  a 
number  of  thin  soft  iron  rings  (d,  fig.  187),  insulated  by  paraflSned 
paper,  and  the  whole  firmly  clamped  together  between  two  end 
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frames  bj-  three  delta  metal  bolts,  n,  semicircular  pieces  being 
stamped  out  of  the  iron  rings  to  fit  these  bolts.  A  gun-metal 
spider  with  three  radial  arms,  g,  is  keyed  on  to  the  shaft  at  each 


Fig.  1 86. 


end  of  the  core,  the  bolts  passing  through  the  extremities  of  the 
arms  as  at  \\ 

One  size  of  the  machine  illustrated  in  fig.  184  has  an  output 
of  6,500  watts  at   100  volts  (65  amperes)  when  driven  at  1,300 

Fig.  187. 


revolutions  per  minute.  It  is  compound- wound.  The  resistance 
of  the  armature  is  0*03  ohm,  and  of  the  shunt  coil  20*68  ohm.s, 
the  series-turns  being  wound  inside  the  shunt  coil  and  having  a 
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resistance,  of  o*ot8  ohm.  From  these  figures  the  student  can 
calculate  the  power  spent  in  the  various  portions  of  the  circuit 
when  the  maximum  current  of  65  amperes  is  flowing. 

A  general  view  of  a  dynamo  designed  by  Mr.  Gisbert  Kapp 
and  constructed  by  Messrs.  W.  H.  Allen  &  Co.  is  given  in  fig.  188. 
The  field  magnets  are  also  of  the  inverted  horse-shoe  pattern, 
but  the  armature  in  this  case  is  of  the  drum  type. 

Fig.  188. 


Figs.  189  and  190  illustrate  many  details  of  the  machine,  the 
former  being  a  longitudinal  section,  and  the  latter  an  end  view, 
half  in  section. 

Each  field-magnet  limb,  f,  consists  of  a  single  slab  of  wrought- 
iron,  the  lower  end  of  which  fits  into  a  slot  in  the  cast-iron  bed- 
plate. The  bed-plate  is  solid  at  this  part,  and  the  vertical  limbs 
are  secured  in  position  by  two  large  bolts  passing  through,  as 
shown  in  fig.   1 90.     The  pole-pieces  are  bored  out  circularly  to 
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form  the  space  in  which  the  armature  is  to  revolve,  and  the  pole- 
tips  a  a  securely  pinned  on.  Upon  the  upper  pair  of  pole-tips  is 
fixed  a  board  ii,  which  acts  as  a  cover  to  protect  the  armature. 
The  field-magnet  coils  are  of  cotton-covered  copper  wire,  and  are 
wound  on  frames  or  bobbins  of  thin  sheet  steel,  h  b^  insulated  with 
varnished  paper,  the  bobbins  being  slipped  over  the  cores  after  the 
wire  has  been  wound,  and  before  the  pole-tips  a  a  are  fixed. 

The  construction  of  the  armature,  which  is  well  designed  and 
built  with  extreme  care,  is  shown  in  fig.  189.  h  is  a  cast-iron  hub, 
having  three  radial  arms,  w  ;  it  is  securely  keyed  on  to  the  steel 
shaft,  its  length,  with  the  arms,  along  the  shaft  being  equal  to  the 
length  of  the  finished  core.     The  edges  of  the  arms  are  planed  to 

fit  into  notches  in  the  core  plates, 
_  c,  as  shown  m  fig.  191,  which  is  a 

■  section  through  the  armature  core 
and  hub  taken  at  right  angles  to 
the  shaft.     The  core  plates  are  of 
thin   charcoal  iron,  and   between 
them  at  equal  intervals  are  placed 
three  pairs  of  thicker  rigid  plates, 
which  are  kept   a   little   distance 
apart  by  pieces  of  hard  fibre,  thus 
affording  spaces  for  the  circulation 
of   air    for    ventilating   purposes. 
The    core   is   built   up  with   thin 
paper  sheets  separating  the  plates,  and  while  under  high  pressure 
between  temporary  end-plates,  the  core  is  slotted  to  receive  the 
arms,  w,  of  the  hub.     The  lettering  of  figs.  189  and  191  corre- 
sponds.    In  the  former,  one  arm,  w,  is  shown  directly  below  the 
shaft,  while  above  it  is  the  air-space,  s,  between  the  other  two  arms. 
At  one  end  of  the  shaft  is  provided  a  solid  boss,  k,  and  against 
this  bears  a  cast-iron  plate,  p,   in  which  are  inlets,  d  d,  for  the 
passage  of  air.     The  core  is  held  between  p  and  a  similar  end-plate, 
R,  which  is  secured  by  a  steel  nut,  n,  screwed  on  to  the  shaft. 
The  ventilation  is  thus  most  eflScient,  for  the  air  can  enter  through 
each  end-plate  by  openings  similar  to  d,  and  find  its  way  along 
the  spaces,  s,  between  the  hub  and  core  plates,  leaving  by  the 
openings  between  the  rigid  plates  previously  referred  to. 
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Before  being  wound  the  core  is  turned  in  a  lathe  to  obtain  a 
perfectly  cylindrical  and  smooth  surface.  At  intervals  round  the 
thicker  plates  there  are  projections,  which  serve  to  drive  the  con- 
ductor and  prevent  its  being  stripped.  These  projections  are 
shown  on  the  middle  pair  of  plates  in  fig.  189,  and,  in  addition  to 
these  driving  horns,  the  completed  armature  is  bound  round  in 
several  places  with  thin  strong  wire,  which  effectually  overcomes 
any  tendency  towards  bulging  or  stripping. 

There  are  204  active  conductors  round  the  peripher}'  of  the 
armature,  each  consisting  of  a  straight 
strip  or  bar  of  copper,  0*0215  sq.  in.  in 
sectional  area,  insulated  with  a  double 
cotton  covering.  They  project  to  different 
distances  over  the  edge  of  the  core,  and 
are  soldered  either  to  the  lugs  which  pro- 
ject at  right  angles  to  the  ends  of  the 
commutator  bars  or  to  the  ends  of  pecu- 
liarly shaped  copper  strips  which  form 
the  cross  connections. 

One  of  these  connecting  strips  is 
shown  in  fig.  192.  It  is  a  stamping  of 
sheet  copper,  and  forms  almost,  but  not 
quite,  a  semicircle,  because  it  is  required 
to  extend  round  the  end  of  the  armature 
just  far  enough  to  connect  two  bars  which 
are  almost  at  opposite  extremities  of  a 
diameter.  The  connector  is  placed  with 
its  plane  parallel  to  the  plane  of  the  core 
discs,  and  the  two  small  end-pieces  or 
tags,  e  e,  are  bent  round  at  the  part  shown  by  the  dotted  lines 
until  they  are  at  right  angles  to  the  other  portion  of  the  strip. 
The  ends  of  the  two  conductors  which  are  to  be  joined  together 
are  soldered  to  these  pieces  {ee).  For  example,  in  fig.  189  the 
conduQtor  a  is  connected  to  the  tag  e.  The  armature  is  divided 
into  51  sections,  and  each  section  consists  of  two  convolutions, 
that  is,  four  active  conductors  ;  the  cross-connectors  occupy  a 
comparatively  small  space,  a  section  through  the  whole  of  them 
being  shown  at  L  l.     Over  the  shoulder  of  each  end- plate  is  fixed 
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a  cast-iron  ring  t,  with  a  wide,  deep  groove  in  which  the  connectors 
are  placed,  each  well  insulated  by  being  over-wound  with  tape 
treated  with  shellac  varnish.  There  are  fifty-one  bars  in  the  com- 
mutator, and  the  method  of  holding  them  in  position  is  shown  in 
the  longitudjnal  section.  They  have  two  square  notches,  into 
which  fit  rings  of  hard  vulcanised  fibre,  the  sections  through  which 
are  shown  black  in  the  figure,  and  it  will  be  observed  that  there  is 
a  deep  groove  on  the  outer  side  of  each  ring.  A  gun-metal  sleeve 
is  keyed  on  to  the  shaft,  one  end  fitting  into  the  groove  of  one 
insulating  ring,  while  a  thread  is  cut  round  the  other  end  for  a 
nut,  which,  when  screwed  up  home,  presses  a  gun-metal  ring  into 
the  groove  of  the  other  fibre  ring.  The  commutator  bars  are  in- 
sulated from  each  other  by  mica,  and  each  brush  is  divided  into 
two  independently  adjustable  parts,  this  l^ing  a  better  arrangement 
than  one  wide  brush,  w^hich  would  probably  wear  unevenly  and, 
in  consequence,  cause  a  considerable  variation  in  the  amount  of 
surface  contact.  Further,  when  two  brushes  are  employed,  one 
can  he  lifted  for  a  moment,  or  shifted  to  a  better  position  without 
completely  breaking  the  circuit,  as  would  be  the  case  if  only  one 
brush  were  used.  The  sectional  view  also  shows  the  manner  in 
which  the  rocking  bar  is  carried  round  a  groove  at  the  end  of 
the  cast-iron  standard,  and  the  fixing  of  the  horizontal  brush 
spindles,  which  are  insulated  from  the  rocking  bar  by  hard  wood 
collars.  Various  other  mechanical  details  are  set  forth  in  the 
drawings,  but  perhaps  it  should  be  mentioned  that  the  radial  lines 
round  the  outer  edge  of  the  armature  in  fig.  1 90  indicate  the  edges 
of  the  small  pieces,  e  e,  of  the  connectors.  This  machine  is  shunt- 
wound,  and  when  driven  at  a  speed  of  680  revolutions  per  minute 
it  develops  a  potential  difference  of  120  volts,  its  maximum  out- 
put being  12,000  watts.  The  resistance  of  the  armature  when 
cold  is  0*045  ohm,  and  of  the  field-magnet  coils  40*9  ohms. 

Some  details  concerning  a  compound-wound  machine  having 
a  somewhat  greater  output,  but  similar  in  construction  to  the  ma- 
chine just  described,  may  prove  of  service  to  the  student.  In  this 
machine  the  charcoal  iron  discs  which  form  the  core  are  0*022 
inch  in  thickness,  have  a  radial  depth  of  3^  inches,  and  an  out- 
side diameter  of  12  J  inches,  the  core  when  built  up  with  paper 
insulation  being  20  inches  in  length.     The  wrought-iron  slabs 
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which  form  the  field-magnet  cores  are  19^  inches  by  yi  inches 
in  section,  and  the  diameter  of  the  opening  bored  out  in  the  pole 
pieces  to  receive  the  armature  is  13^^  inches.  The  drum- wound 
armature  contains  102  active  conductors,  and  the  commutator  has 
51  segments,  so  that  there  are  two  active  conductors  forming,  with 
a  cross-connector  at  either  end  of  the  armature,  one  convolution 
per  section.  If  the  active  conductors  were  solid  copper  bars  they 
would  be  so  massive  that  eddy  currents  as  well  as  the  main  cur- 
rent would  be  induced  in  them,  and  power  thereby  wasted.  In 
order  to  prevent  these  eddy  currents  the  bars  are  laminated, 
each  one  being  built  up  of  six  strips  0*29  inch  by  0*054  inch  in 
section ;  the  strips  are  insulated  from  each  other,  and  the  built-up 
bar  is  twisted  at  the  middle  of  its  length  through  an  angle  of 
180°. 

The  curved  end  connectors  are  \\  inch  broad  and  0*044  inch 
thick,  and  the  resistance  of  the  completed  armature  when  cold 
is  0075  obm.  The  resistance  of  the  shunt  coils  is  15  5  ohms, 
and  that  of  the  series  coils  0*00111  ohm. 

When  driven  at  a  speed  of  550  revolutions  per  minute,  the 
machine  develops  a  potential  difference  of  1 10  volts,  with  a  current 
of  550  amperes,  the  angle  of  lead  of  the  brushes  with  this  current 
being  10  degrees. 

The  value  of  N,  or  the  total  number  of  lines  of  force  passing 
through  the  armature  core,  is  12,200,000,  and  the  sectional  area  of 
the  iron  in  the  core  being  approximately  755  square  centimetres, 

this  gives  a  value  for  B  of     '       * —  ,  or  about  16,000  lines  per 

755 
square  centimetre. 

On  account  of  the  efficient  ventilation  of  the  armature  and 
other  details  in  the  design,  the  machine  can  be  run  for  a  length- 
ened period  without  any  serious  rise  in  temperature.  The  par- 
ticular machine  here  described  was  run  for  six  hours  at  full  load, 
according  to  the  test  prescribed  by  the  Admiralty,  and  at  the  end 
of  that  time  the  rise  in  temperature  at  the  surface  of  the  armature 
was  found  to  be  only  54  degrees  Fahrenheit,  and  at  the  surface  of 
the  field-magnet  coils  50  degrees. 

In  fig.  193  is  illustrated  the  Edison- Hopkinson  dynamo,  which 
differs  from  the  machines  already  described  in  that  the  armature 
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is  placed  at  the  lower  ends  of  the  field  magnet  cores  ;  an  arrange- 
ment which  has  the  disadvantage  that  the  iron  bed-plate  more  or 
less  magnetically  short-circuits  the  pole-pieces,  and  affords  a  path 

Fu;.  193. 


through  which  some  of  the  lines  of  force  leak,  instead  of  passing 
through  the  armature.  On  the  other  hand,  there  is  the  advantage 
that  the  centre  of  gravity  of  the  moving  parts  is  kept  low,  thus 
adding  to  the  stability  of  the  machine ;  and  also  in  some  cases 


Digitized 


by  Google 


CHAP.  X.  Edison-Hopkinson  Dynamo  383 

affording  facilities  for  driving  direct  from  a  steam-engine  fixed  upon 
the  same  bed-plate.  In  the  machine  under  notice  this  leakage  is 
reduced  by  interposing  a  massive  slab  of  zinc  between  the  pole- 
pieces  and  bed-plate.  We  will  endeavour  presently  to  see  to  what 
extent  this  is  successful. 

Each  of  the  circular  field-magnet  cores,  together  with  its 
pole-piece,  is  a  single  forging  of  wrought-iron  ;  the  yoke  is  also  of 
wrought-iron,  rectangular  in  shape  and  very  massive ;  it  is  secured 
to  the  cores  by  two  bolts,  the  surfaces  in  contact  being  made  to 
fit  truly,  so  as  to  avoid,  as  far  as  possible,  the  introduction  of 
any  magnetic  resistance.  The  armature-shaft  bearings  are  of 
phosphor-bronze,  and  are  carried  by  short  cast-iron  standards 
bolted  on  to  the  bed-plate.  The  armature  is  drum-wound,  and  its 
core  is  built  up  of  thin  discs,  insulated  with  paper,  and  threaded 
on  to  the  Bessemer  steel  shaft.  Two  thick,  stiff  end-plates 
hold  the  core-discs  in  position,  one  bearing  against  a  washer 
which  is  shrunk  on  to  the  shaft,  while  the  other  is  driven  up 
tight  by  a  large  nut.  There  are  forty  sections  in  the  armature 
of  the  machine  illustrated,  each  of  one  convolution,  and  the 
conductor  consists  of  thick  copper  bars,  insulated  with  prepared 
rubber  tape,  the  cross  connections  being  made  with  stiff  copper 
strips.  These  strips,  the  outer  set  of  which  can  be  seen  in  the 
figure,  are  led  round  spirally  to  the  segments  of  the  40-bar 
commutator  in  such  a  manner  that  a  coil  whose  plane  is  vertical 
is  connected  to  segments  which  lie  near  the  horizontal,  and, 
consequently,  the  diameter  on  which  the  brushes  are  set  is  nearly 
parallel,  instead  of  at  right  angles,  to  the  direction  of  the  lines  of 
force  through  the  armature. 

The  machine  illustrated  is  shunt-wound,  the  wire  composing 
the  field-magnet  coils  being  rectangular  in  section,  thus  reducing 
the  waste  space  between  the  adjacent  convolutions.  The  ter- 
minals of  the  machine  are  fixed  to  boards  mounted  on  the  pole- 
cheeks,  and  the  marked  difference  in  the  size  of  the  massive 
conductor  which  carries  the  whole  current  from  the  brush-bar  to 
the  terminal,  compared  with  the  thinner  shunt-wire  which  passes 
up  the  sides  of  the  field-magnet  coils,  will  be  observed.  When 
driven  at  475  revolutions  per  minute,  this  machine,  which  weighs 
about  4.^  tons,  is  capable  of  developing  52,500  watt^'  ^105  volts, 
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500  amperes),  and  on  account  of  the  extremely  low  resistance 
of  the  armature  it  is  practically  self-regulating  through  a  consider- 
able range.  Each  brush-holder  carries  five  copper-wire  gauze 
brushes,  all  adjustable  independently,  and  by  this  means  a  suffi- 
ciently large  bearing  surface  upon  the  commutator  is  obtained 
without  introducing  any  difficulty  in  compensating  for  unequal 
wear,  such  as  would  arise  if  one  undivided  brush  were  employed. 

Some  shunt- wound  machines  of  this  type,  built  for  Central 
Station  work,  are  constructed  to  develop  a  potential  difference 
of  410  volts.  In  each  case  the  armature  conductors  consist  of 
stranded  copper  bars,  the  armature  resistance  being  0*0117  ohm. 
The  resistance  of  the  shunt  coils  is   527   ohms,  so  that  the 

current  through  these  coils  is  ^—-  =  778  amperes.    At  a  speed 

of  400  revolutions  per  minute  the  current  developed  is  590 
amperes,  representing  an  output  of  about  242  kilowatts.  The 
weight  of  the  armature  is  2  tons  19  cwt,  and  of  the  whole 
machine  24  tons  8  cwt.  When  tested,  the  electrical  efficiency  at 
full  load  was  found  to  be  97*2  per  cent.,  and  the  commercial 
efficiency  95  per  cent. 

This  type  of  dynamo  is  additionally  interesting  from  the  fact 
that  it  has  been  carefully  studied  and  tested  by  the  Drs.  Hopkin- 
son,  the  results  having  been  published  in  various  papers.  The 
object  was  {a)  to  endeavour  to  gain  such  information  as  would 
enable  the  performance  of  a  dynamo  to  be  predicted,  when  its 
configuration  and  the  various  dimensions  and  qualities  of  the 
material  employed  (especially  the  iron)  are  known  ;  and  therefore 
(b)  to  enable  any  machine  desired  to  give  certain  results  at  a 
certain  speed  to  be  designed  with  a  greater  degree  of  accuracy  than 
had  previously  been  obtained. 

We  know  that  in  every  machine  the  magnetising  force  required 
to  develop  the  field  in  which  the  armature  rotates  is  always  in 
excess  of  that  usefully  employed  \  or,  in  other  words,  more  lines 
of  force  are  generated  than  actually  pass  through  the  awnature 
core,  the  difference  being  caused  by  leakage  at  various  points. 

We  will  briefly  describe  one  portion  of  the  experiments  with 
the  view  of  enabling  the  student  to  better  judge  of  the  amount 
and  locality  of  such  leakage  in  any  given  machine. 
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The  portion  of  the  experiments  referred  to  consisted,  in  the 
first  place,  of  determining  exactly  the  ratio  of  the  lines  of  force 
generated  in  the  field-magnet  to  the  lines  passing  through  the 
armature  core.  This  ratio  will  of  course  always  be  greater  than 
unity,  and  may  be  denoted  by  v. 

In  fig.  194,  a  machine  with  rectangular  cores  is  shown  in 
section,  and  lines  of  force  are  sketched  to  roughly  indicate  the 
principal  paths  of  the  leakage.  Some  of  the  lines  pass  directly 
from  one  limb  to  the  other,  others  leak  out  between  the  yoke  and 
the  pole-pieces,  while  many  pass  down  through  the  arched  slabs 
of  zinc  (on  which  the  pole-pieces  rest)  into  the  iron  bed-plate. 

Fig.  194. 


We  have  previously  mentioned  that  it  is  possible  to  compare 
the  number  of  lines  of  force  cutting  or  cut  by  a  coil  of  wire  in 
two  or  more  given  fields,  by  placing  a  galvanometer  in  circuit 
with  the  coil  and  observing  the  deflections.  As  the  resulting 
E.M.F.  is  usually  comparatively  low,  the  galvanometer  must  be 
a  delicate  one,  and  it  is  usual  to  employ  one  in  which  a  short 
strongly  magnetised  needle  is  suspended  by  a  silk  fibre  inside  a 
coil  of  many  turns,  the  deflections  of  the  needle  being  made  evi- 
dent by  the  movement  of  a  beam  of  light  reflected  on  to  a  scale 
by  a  small  mirror  fixed  to  the  magnet.  But  in  such  a  test  it  is 
necessary  that  the  needle  shall  not  begin  to  move  or  change  its 
position  until  the  whole  of  the  brief  current  has  actually  passed 
through  the  coil,  and  it  is  preferable  to  make  the  needle  short 
and  somewhat  heavy,  avoiding  as  far  as  possible  the  introduction 
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of  any  damping  effect.  The  number  of  divisions  on  the  scale 
travelled  over  by  the  beam  of  light  may  then  be  taken  as  propor- 
tional to  the  E.M.F.  developed,  and  therefore  to  the  number  of 
lines  of  force  cut. 

In  the  experiments  under  notice  a  current  of  5-6  amperes  was 
maintained  through  the  field -magnet  coils,  from  a  battery,  the 
armature  being  disconnected.  A  single  convolution  of  wire  was 
then  wound  round  the  middle  of  one  limb  as  at  b,  the  ends  of  this 
wire  being  joined  to  an  instrument  such  as  that  just  referred  to, 
and  known  as  a  ballistic  galvanometer.  The  needle  being  at  rest, 
the  field-magnet  coils  were  short-circuited,  thus  suddenly  stop- 
ping the  current  in  them,  and  the  lines  of  force,  in  collapsing,  cut 
the  single  turn  of  wire  and  induced  a  current  therein,  which, 
passing  through  the  galvanometer,  deflected  the  beam  of  light  for 
a  moment.  The  needle  having  again  settled  itself  steadily  at  zero, 
the  short-circuiting  connection  was  removed,  thus  once  more 
suddenly  passing  the  current  through  the  magnet  coils.  The  lines 
of  force  in  springing  outwards  again  cut  the  single  coil,  inducing 
a  current  which  deflected  the  needle  to  an  almost  equal  extent, 
but  in  the  opposite  direction  to  that  produced  by  the  first  current. 
In  this  case  the  mean  of  the  two  deflections  was  264  divisions, 
which,  neglecting  the  small  amount  of  residual  magnetism,  may  be 
taken  as  proportional  to  the  induction  in,  or  the  number  of  lines 
of  force  passing  through,  the  field-magnet  limb.  The  next  step 
was  to  determine  what  proportion  of  these  lines  passed  through 
the  armature,  which  was  of  the  drum  type,  each  coil  consisting  of 
one  convolution  only. 

The  wires  leading  from  the  galvanometer  were  soldered  one  to 
each  of  two  adjacent  commutator  bars,  and  the  armature  placed  so 
that  the  plane  of  the  coil  connected  to  those  bars  lay  at  right  angles 
to  the  lines  of  force. 

The  field-magnets  were  excited  as  before  by  a  current  of 
5*6  amperes,  and  the  deflection  noticed,  first  when  the  current  in 
them  was  stopped  by  short-circuiting,  and  again  when  the  current 
was  sent  round  them  a  second  time ;  so  as  to  suddenly  withdrawlines 
of  force  from,  and  then  to  thrust  them  through  the  armature  core. 
The  mean  of  these  two  deflections  was  200  divisions,  and  therefore 
Induction  through  field-magnets _  264  _  ,  __ 
Induction  through  armature  200  ^     J    ""    • 
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That  is  to  say,  24*24  per  cent,  of  the  total  number  of  lines  of 
force  generated  failed  to  reach  the  armature  core  owing  to  leakage. 
Although  this  method  does  not  give  us  the  actual  number  of  lines 
of  force  in  cg.s.  units,  it  nevertheless  gives  the  proportion  cor- 
rectly, and  in  these  experiments  the  actual  number  passing  through 
the  armature  was  estimated  in  cg.s.  units  by  running  the  machine 
at  a  known  speed  and  measuring  the  resulting  potential  difference, 
without  allowing  a  current  to  pass  through  the  armature  and 
distort  the  field.     We  have  already  given  the  formula 

E  =  ?^  volts, 

where  n  is  the  total  number  of  lines  of  force  passing  through 
the  armature,  p  the  number  of  active  conductors  round  the 
armature,  and  n  the  number  of  revolutions  per  second, 
and    consequently    in    the    experiment    under    consideration 

N  =  I^-2i5_   where  e  is  the  observed  potential  difference   in 
p  x« 

volts.     Then  the  actual  number  of  lines  in  any  other  part  of  the 

magnetic  circuit  could  be  found  by  simple  proportion.     Having 

shown  that  24*24  per  cent,  of  the  lines  of  force  were  lost  by 

leakage,  the  next  step  was  to  localise  that  leakage — that  is,  to 

discover  at  what  points  it  occurred.     This  time  the  galvanometer, 

being  less  sensitively  adjusted,  gave  a  mean  deflection  of  115 

divisions  with  one  turn  round  the  middle  of  one  limb,  when  a 

current  of  5-6  amperes  through  the  field-magnets  was  suddenly 

stopped  and   started  as   before.     Four  convolutions  were  next 

wound  round  the  bed-plate  directly  under  the  armature  shaft,  and, 

the  current  being  stopped  and  started  in  the  field-magnets,  the 

galvanometer  indicated  a  mean  deflection  of  50*25  divisions,  due 

to  the  lines  of  force  which  leaked  through  the  bed-plate  and  cut 

the  four  convolutions  wound  round  it.     Four  turns  were  employed 

in  order  to  get  a  fairly  high  deflection.     The  induced  e.m.f.  being, 

however,  four  times  that  which  would  be  obtained  with  one  turn, 

it  becomes  necessary,  to  enable  this  result  to  be  compared  with  the 

previous  one,  to  reduce  it  to  the  value  of  one  convolution,  thus  : 

.5*^15  =  12-6  divisions,  nearly. 
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The  leakage  through  the  space  between  the  field-magnet  limbs 
was  measured  with  a  coil  of  ten  turns  wound  on  a  square  frame, 
and  by  a  similar  calculation  was  found  to  be  proportional  to  eight 
divisions  with  one  convolution. 

The  horns  of  the  opposite  pole-pieces  approach  each  other 
both  above  and  below  the  armature  to  within  127  centimetres, 
the  depth  of  each  being  8  centimetres.  The  leakage  across  each 
of  these  gaps  was  found  to  give  i'6  divisions,  or  3*2  divisions  for 
the  two. 

Reducing  these  losses  to  percentages  of  the  total  induction,  we 
have 

The  leakage  through  the  zinc  plate  and  1    __ 
iron  base J      • 

The  gaps  between  the  horns  account  for 

And  the  area  between  the  limbs    . 

Making  a  total  loss  accounted,  for 

Out  of  an  observed  loss  of     .         .        . 

The  leakage  through  the  shaft,  and  from  pole-piece  to  yoke,  and 
from  one  pole-piece  to  the  other  by  exterior  lines,  will  account 
for  the  remaining  4*14  per  cent. 

The  ratio,  Vy  will  of  course  vary  slightly  with  different  ex- 
citing currents  in  the  field-magnet  coils,  especially  when  the  iron 
approaches  the  saturation  point,  because  the  permeability  of  the 
iron  decreasing  with  the  induction  through  it,  while  that  of  the  air 
remains  constant,  the  proportion  of  leakage  will  be  greater.  It  is 
easy  to  give  the  current  passing  through  the  field -magnetic  coils 
such  a  value,  that  the  cores  and  yoke  will  be  magnetised  to  the 
same  extent  as  when  the  machine  is  fully  loaded,  but  to  make  the 
result  accurate  the  armature  should  also  be  running  and  carrying 
its  maximum  current.  Under  these  circumstances  the  leakage 
would  undoubtedly  be  somewhat  greater,  as  the  permeability  of  the 
armature  core  would  be  reduced,  and  the  demagnetising  effect  due  to 
the  heavy  armature  current  would  also  tend  to  increase  the  leakage. 

These  experiments  constituted  the  first  definite  attempt  to 
discover  the  extent  and  the  locality  of  the  leakage  of  lines  of  force 
generated  by  the  current  in  the  field- magnet  coils,  and  it  will  be 
seen  that  almost  a  quarter  of  the  power  spent  for  the  purpose  of 
developing  the  field  in  this  particular  case  was  wasted. 
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It  should  be  remembered,  however,  that  as  the  whole  of  the 
power  expended  in  maintaining  the  field  represents  but  a  small 
fraction  of  the  total  power  developed  by  a  well-designed  machine, 
this  comparatively  large  percentage  of  waste  field  does  not  reduce 
the  total  efficiency  to  such  an  extent  as  might  be  at  first  sight 
supposed.  The  ratio  t;  =  v^2  found  for  this  particular  machine 
may  be  taken  as  approximately  the  value  for  most  modem 
machines.  Thus  Mr.  Esson  found  an  exactly  similar  value  for  a 
Phoenix  dynamo  with  a  ring  armature  somewhat  similar  to  that 
shown  in  fig.  184,  while,  according  to  Mr.  Mordey,  a  Victoria  dynamo 
similar  to  that  illustrated  in  fig.  206  gave  1-40  as  the  value  for  v. 
In  the  Edison-Hopkinson  machine  the  low  magnetic  resistance  of 
the  drum  armature  and  the  massive  cores  and  pole-pieces  bring 
the  leakage  to  a  low  value  in  spite  of  the  proximity  of  the  bed- 
plate. 

The  value  of  the  co-efficient  of  leakage  v  being  approximately 
the  same  for  all  machines  of  similar  pattern,  it  is  usually  employed 
in  designing  other  machines  of  different  sizes,  and  the  following 
considerations  will  serve  to  show  the  manner  in  which  it  may 
be  so  employed. 

Suppose  in  the  case  of  a  machine  such  as  that  shown  in  fig. 
193  it  be  desired  to  calculate  the  number  of  convolutions  of  and 
the  strength  of  the  current  which  must  be  maintained  through  the 
coils  (that  is  to  say,  to  calculate  the  ampere  turns)  in  order  to  pro- 
ject a  certain  number  of  lines  of  force  N  through  the  armature. 
We  have  already  seen  that  for  any  simple  magnetic  circuit 

R 

where  N  represents  the  total  number  of  lines  of  force,  m  the 
magneto-motive  force  (^^  or  1*2566  times  the  ampere  turns),  and 

R  the  magnetic  resistance  of  the  circuit.     Consequently 
M  =  N  X  R  ; 

that  is  to  say,  the  requisite  magneto-motive  force  may  be  found 
by  multiplying  together  the  total  number  of  lines  of  force  required 
to  be  produced  and  the  magnetic  resistance.  In  the  case  of  the 
dynamo  under  cpnsideration,  the  magnetic  circuit  is  made  up  of 
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three  distinct  sections  (see  p.  219) — viz.  the  armature  core,  the 
two  air  gaps,  and  the  field-magnet  core,  pole-pieces  and  yoke — 
and  in  order  to  obtain  n  lines  through  the  armature,  v  n  (m  this 
instance  1-32  x  n)  lines  must  be  urged  through  the  field-magnet 
cores.  If  R,  Ra  R3  represent  respectively  the  resistances  of  the 
armature  core,  the  two  air  gaps,  and  the  field- magpet  cores  and 
yoke,  then  the  value  of  the  requisite  magneto-motive  force 
M  =  N  Ri  +  N  Rj  +  »  N  R3  ; 

and  as  m  is  equal  to  1*2566  times  the  ampere  turns,  the  value  of 
the  ampere  turns  can  be  obtained  by  dividing  the  right-hand  side 
of  the  equation  by  1*2566. 

Since  the  magnetic  resistance  of  any  magnetic  circuit,  or  of 
any  portion  thereof,  is  proportional  to  the  length  and  inversely 
proportional  to  the  sectional  area  and  the  permeability,  the  values 
of  Ri  Rj  R3  may  be  stated  in  terms  of  the  dimensions  and  per- 
meability of  the  respective  parts.  In  order  to  determine  the  per- 
meability, the  maximum  number  of  lines  per  square  centimetre,  B, 
at  which  the  armature  and  field-magnet  cores  are  to  be  worked 
must  be  decided  upon  beforehand,  and  then,  from  the  magnetisa- 
tion curves  for  the  particular  kinds  of  iron  employed,  the  per- 
meability of  the  armature  core  /i,  and  of  the  field-magnet  cores 
and  yoke  /xj  can  be  obtained. 

If  /j  represent  in  centimetres  the  mean  length  of  the  path  of 
the  lines  of  force  through  the  armature  core,  and  a^  the  area  of 
the  iron  in  the  core,  taken  at  right  angles  to  the  direction  of  the 
lines  of  force,  then 

In  calculating  the  value  of  a^  due  allowance  must  be  made  for 
space  occupied  by  the  paper  or  other  insulating  substance  sepa- 
rating the  core  discs. 

Similarly,  the  magnetic  resistance  due  to  the  two  air  gaps 

where  /j  is  the  distance  between  the  surface  of  the  armature  coil 
and  one  of  the  pole-faces,  and  a^  the  area  of  one  of  the  pole- 
faces.     The  length  /j  is,  of  course,  multiplied  by  2  because  there 
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are  two  similar  air  gaps,  but  the  area  a^  does  not  correctly 
represent  the  area  of  the  path  of  the  lines  of  force  through  the 
air  gap  to  the  armature,  because  they  spread  out  somewhat  as 
they  leave  the  edges  of  the  pole-faces,  and  enter  the  armature  core 
over  a  rather  greater  area  than  that  of  the  pole-face.  This  increase 
of  area  tends  to  reduce  the  magnetic  resistance  of  the  air  gap,  and 
should  be  allowed  for.  It  has  been  found  that,  nearly  enough  for 
all  practical  purposes,  the  increase  in  area  may  be  considered  as  a 
fringe  round  the  periphery  of  the  pole-face,  the  width  of  tl^is  fringe 
being  equal  to  four-fifths  of  the  distance  /^  (because,  of  course, 
the  tendency  to  spread  out  increases  with  /,),  and  this  increased 
area  should  be  inserted  in  the  equation  as  the  value  of  a^.  The 
permeability  of  air  and  of  the  copper  wire  occupying  the  space 
referred  to  as  the  *  air  gaps  *  being  unity,  the  permeability  need  not 
enter  into  the  expression  for  the  magnetic  resistance  of  the  air  gaps. 
The  magnetic  resistance  of  the  field-magnet  cores,  yoke,  and 
pole-pieces  is 

where  4  is  the  mean  length  of  the  path  of  the  lines  of  force  from 
one  pole-face  to  the  other,  ^3  the  area  of  cross  section,  and  /xg 
the  permeability  of  the  iron.  In  this  case  it  is  assumed  that  the 
iron  of  the  field-magnet  is  uniform  throughout,  but  as  this  is 
rarely  the  case,  it  is  frequently  necessary,  in  order  to  obtain  accurate 
results,  to  treat  separately  the  pole  pieces,  yoke,  and  the  limbs 
over  which  the  wire  is  wound.  The  permeability  and  sectional 
area  of  each  part  can  then  be  dealt  with  separately,  as  also  the 
value  of  N,  which  on  account  of  leakage  is  less  in  the  pole-pieces 
and  greater  in  the  middle  of  the  yoke  than  at  any  other  part  of 
the  field-magnet.  But  assuming  for  simplicity  that  the  iron  of  the 
field- magnet  is  uniform  throughout,  it  is  evident  that  the  magneto- 
motive force  required  to  project  N  lines  through  the  armature  may 
be  written 

M=N-'-+  N?^H»N-^^  . 
fli/xi  a^  «3/i3 

The  magneto-motive  force  so  found  would   be  sufficient  to 
urge  the  requisite  number  of  lines  of  force  through  the  armature 
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in  the  absence  of  any  disturbing  effect  due  to  the  current  in  the 
armature  itself.  Wc  know  that  when  the  brushes  are  set  with 
absolutely  no  lead,  the  armature  field  is  projected  at  right  angles 
to  that  of  the  field  proper,  while,  when  the  brushes  are  shifted 
forward,  the  current  flowing  in  a  few  of  the  active  conductors 
actually  strives  to  set  up  lines  of  force  in  the  opposite  direction  to 
those  due  to  the  field-magnets.  This  back  magneto-motive  force 
must  be  allowed  for  by  adding  to  the  field-magnet  coils  such  a 
number  of  convolutions  as,  with  the  particular  current  flowing 
through  them,  will  give  a  number  of  ampere  turns  equal  to  the 
ampere  turns  on  the  armature  acting  in  opposition  to  the  field. 

A  little  reflection  will  show  that  the  number  of  active  con- 
ductors on  the  armature  so  acting  in  opposition  to  the  field  will 
be  all  those  included  in  an  arc  subtended  by  the  angle  of  lead 
taken  on  both  sides  of  the  zero  point. 

Suppose,  for  example,  the  lead  of  the  brushes  to  be  S°  and  the 
number  of  active  convolutions  round  the  armature  to  be  i8o, 
then  8  active  conductors,  making  up  four  convolutions,  will  be 
acting  in  opposition  to  the  field.  If  the  current  flowing  through 
the  armature  were  200  amperes,  this  would  give  4x200=800 
ampere  turns  setting  up  a  back  magneto-motive  force.  Con- 
sequently, if  the  current  flowing  through  the  field-magnet  coils 
were  four  amperes,  this  would  mean  an  addition  of  ''^=200 
convolutions  to  the  winding  of  the  coils  of  a  shunt  machine ; 
while  if  the  machine  were  compound-wound  the  necessary 
addition  would  be  made  to  the  series  coils,  because  the  back 
magneto-motive  force,  like  the  current  in  the  series  coils,  increases 
with  an  increase  of  the  load. 

A  fourth  term  representing  this  additional  magneto  motive 
force  should  be  added  to  the  right-hand  side  of  the  equation 

given  above.     It  will  be  ^^  times   those  ampere  turns  on  the 

armature  which  are  opposing  the  field  ;  and  in  any  case  in  order 
to  obtain  the  ampere  turns  required  for  the  field  magnet-coils, 
the  right-hand  side  of  the  equation  (which  now  represents  the 

magneto-motive  force)  must  be  divided  throughout  by  ^\  which 

10 

is  equivalent  to  multiplying  by  0*8. 
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A  few  other  points  which  have  to  be  taken  into  consideration 
in  designing  a  dynamo  are  referred  to  in  the  various  chapters  in 
which  machines  are  described. 

The  *  Manchester  *  dynamo,  made  by  Messrs.  Mather  &  Piatt, 
is  illustrated  in  ^g,  195.  The  arrangement  of  the  field-magnets 
differs  somewhat  from  that  in  the  machines  hitherto  described. 
Two  electro-magnets   are  fixed  vertically  with  their  like   poles 

Fig.  195. 


Uppermost,  the  similar  poles  being  in  each  case  joined  together 
by  massive  cast-iron  yokes,  shaped  as  shown,  so  as  to  form  the 
pole- pieces  between  which  the  armature  rotates.  The  lines  of  force 
due  to  the  two  field-magnet  coils  meet  at  the  pole-pieces  and  pass 
through  the  armature  in  the  manner  indicated  by  the  dotted  lines 
in  fig.  196.  The  vertical  members  of  the  field-magnets  are  of 
wrought-iron,  let  into  the  horizontal  yokes,  which,  being  of  cast- 
iron,  have  about  twice  the  sectional  area  of  the  cores.     The  lower 
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casting  is  extended  on  both  sides  so  as  to  form  the  bed-plate  of 
the  machine,  and  the  centre  of  gravity  of  the  moving  parts  being 
low,  it  is  comparatively  easy  to  rigidly  fix  the  machine  so  as  to 
obtain  great  steadiness  in  running. 

The  shaft  carrying  the  armature  is  made  of  Bessemer  steel, 
the  bearings  being  of  gun -metal,  and  a  free  space  along  the  shaft 
is  provided  to  admit  air  for  ventilating  the  armature.  When  driven 
at  i,ioo  revolutions  per  minute,  the  machine  illustrated,  which  is 
compound- wound  to  maintain  a  potential  difference  of  loo  volts, 
is  capable  of  generating  a  current  of  80  amperes,  or  a  maximum 

Fig.  196. 


output  at  this  speed  of  8,000  watt§.  All  other  sizes  of  the  Man- 
chester dynamo  are  similar  in  appearance  and  construction  to  that 
shown  in  the  figure,  except  that  in  the  case  of  shunt-wound 
machines  the  heavy  conductors  for  the  series-winding  are  absent. 
The  commutator  consists  of  forty  bars  of  hard-drawn  copper 
insulated  with  mica.  Each  arm  of  the  rocking-bar  carries  two  or 
more  wire  gauze  brushes,  each  brush  being  independently  adjustable 
for  the  reasons  already  explained.  The  diameter  of  commutation 
with  machines  of  this  class,  in  which  the  direction  of  the  lines  of 
force  through  the  armature  is  vertical,  approximates  to  the  hori- 
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zontal,  and  this  position  in  the  Manchester  machine  is  more  nearly 
approached  in  consequence  of  a  peculiarity  in  the  curvature  of  the 
pole-pieces.  Instead  of  the  polar  surfaces  being  made  concentric 
with  the  armature,  they  are  struck  from  a  radius  greater  than  that 
from  the  centre  of  the  shaft,  so  that  the  pole-pieces  are  brought 
slightly  nearer  the  armature  at  points  opposite  the  extremities  of 
its  vertical  diameter.  The  lines  of  force  are  therefore  more  con- 
centrated at  these  places,  which  reduces  the  distortion,  and,  in- 
creasing the  activity  of  the  most  active  or  vertical  coils,  decreases 
that  of  those  near  the  neutral  point. 

The  armature  is  of  the  ring  type,  the  core  consisting  of  the 
usual  thin  iron  discs  clamped  between  the  ends  of  a  gun- metal 
frame.  The  arms  of  this  frame,  which  fit  into  slots  in  the  discs, 
are  free  of  the  shaft,  so  that  a  clear  space  for  ventilation  is  re- 
tained. The  end-plate  nearest  the  commutator  is  keyed  to  the 
shaft,  while  the  other  is  held  up  tight  against  the  plates  by  means 
of  a  nut.  The  wire  is  wound  in  forty  pairs  of  coils,  the  resistance 
from  brush  to  brush  being  0*084  ohm. 

The  shunt  coils  on  the  field-magnet  have  a  resistance  of 
41*5  ohms,  and  the  series  coils,  which  are  wound  outside  the 
shunt  coils,  have  a  resistance  of  0*049  obm. 

The  gross  weight  of  the  machine  is  lof  cwt. 

The  brothers  Hopkinson  also  made  on  this  machine  some 
experiments  similar  to  those  already  described,  and  we  may  briefly 
refer  to  the  simpler  of  the  experiments  which  show  the  percentage 
and  the  locality  of  the  leakage  of  the  lines  of  force.  Fig.  196  gives 
an  outline  of  the  field- magnets  and  armature  core,  and  shows  the 
various  positions  of  the  testing-coils.  As  in  the  other  experiments, 
the  armature  was  disconnected,  and  a  constant  current  obtained 
from  an  independent  source  to  magnetise  the  field- magnets,  the 
lines  of  force  being  made  to  cut  the  testing- coil  by  suddenly  starting 
and  stopping  the  current  in  the  field-magnets,  and  the  mean  of  the 
two  observed  deflections  of  the  ballistic  galvanometer  calculated  as 
before.  In  the  first  experiment  four  turns  were  taken  round  the 
middle  of  one  limb  at  a  a,  and  the  mean  deflection  was  observed  to 
be  2 14  divisions.   But  as  with  a  single  turn  of  wire  only  one-fourth  of 

this  would  have  been  obtained,  ^'-4=  53-5   represents  the  total 
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induction  through  the  field-magnet  core  in  terms  of  the  arbitrary 
unit  here  assumed.  But  an  equal  number  of  lines  pass  through 
the  other  vertical  limb ;  therefore,  the  total  induction  through  the 
field-magnet  cores,  as  shown  by  this  first  measurement,  may  be 
represented  by  107. 

The  coil  was  then  raised  to  b  b,  where  the  mean  deflection  was 

206,  or,  for  a  single  turn,  —  =  51-5,  or  103  for  the  two  limbs, 

4 
and  the  mean  of  these  two  results— viz.  105—  was  taken  as  repre- 
senting the  mean  induction  in  the  field-magnet  cores. 

Three  turns  were  wound  round  the  armature  at  cc,  where 
the  deflection  obtained  was  222  divisions,  or,  for  one  turn  only, 

ii?  =  74,  which  represents  the  total  induction  through  the  space 
3 
occupied  by  the  armature.  But  we  know  that  in  a  Gramme  ring 
a  certain  number  of  lines  pass  diametrically  across  instead  of 
round  the  armature  core,  which  number  becomes  greater  when 
the  iron  is  so  saturated  that  its  permeability  is  low—  perhaps  lower 
even  than  that  of  the  shaft — and  the  next  experiment  sought  to 
determine  the  waste  due  to  this  cause.  Four  turns  were  taken 
round  d  d,  the  deflection  being  141,  or  35-25  in  terms  of  one  con- 
volution. But  as  an  equal  number  of  lines  pass  through  the  other 
half  of  the  ring,  we  must  double  this,  getting  70*5  as  the  effective 
induction  through  the  core,  against  74  through  the  whole  arma- 
ture space  and  105  through  the  field-magnets. 

At  E  E  3975  divisions  due  to  one  convolution  were  obtained, 
and,  the  induction  being  the  same  on  the  other  side,  the  total 
induction  =  79*5. 

At  F  F  the  result  was  higher,  being  4175,  or  83*5  for  both 
sides,  the  difference  being  caused  by  the  easier  path  at  the  bottom 
of  the  machine  offered  by  the  bed-plate  and  bearings,  and,  of 
course,  these  additional  lines  are  wasted. 

We  see,  therefore,  that  in  this  case  a  large  number  of  the  lines 
of  force  generated  are  wasted  ;  in  fact,  here 

V  =  ^^"-^^  through  field-magnets  __io5  ^  ^.^    ^^    ,  ^ 
lines  through  armature  core       70*5 

This  loss  is  partly  accounted  for  by  the  extension  of  the  lower 
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yoke-piece  to  form  the  bed-plate,  and  the  use  of  iron  supports  for 
the  bearings,  and  is,  no  doubt,  fully  compensated  for  by  advan- 
tages from  a  mechanical  point  of  view.  But  it  will  be  observed 
that  almost  5  per  cent,  of  the  lines  passing  through  the  arma- 
ture leave  the  core  and  pass  diametrically  across  the  ring ;  this 


large  proportion  is,  in  a  great  measure,  due  to  the  fact  that 
induction  through  the  armature  core  was  very  high,  viz.  20,000 
CG.s.  units. 

Another  form  of  double  horse-shoe  magnet  machine,  and  one 
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which  differs  considerably  from  any  yet  described  in  several 
important  mechanical  and  electrical  details,  is  that  constructed 
by  Messrs.  Paris  &  Scott,  and  illustrated  in  fig.  197,  a  section 
through  the  machine  being  also  shown  in  fig.  198.  The  field- 
magnets  are  of  cast-iron,  made  in  two  parts  firmly  bolted  together 
and  provided  with  flanges  to  hold  the  four  exciting  coils,  the 
lower  casting  having  additional  flanges  to  receive  the  foundation 
bolts.  The  armature  shaft  is  supported  by  cast-iron  brackets, 
provided  with  gun-metal  bushes  and  bolted  to  projections  from 
the  lower  pole-piece.  The  pole-pieces  are  bored  out  to  form 
the  armature  space.  The  armature  is  drum-wound,  but  is  fur- 
nished with  teeth  projecting  between  each  of  the  sections,  as  in 
one  of  the  earliest  forms  of  armature  devised  by  Pacinotti,  whence 
these  projections  are  known  as  Pacinotti  teeth. 

The  chief  objection   to  this  type  of  armature  core  is  that, 

although  some  of  the  iron  is  brought  nearer  the  field- magnet  poles, 

its  uneven  surface  perturbs  the  magnetic  field,  keeping  it  in  a  state 

of  oscillation  and  setting  up  eddy  currents  in  the  field-magnet 

,,       o  poles.     But  in  the  ma- 

JlG.  198.  ^ 

chme  under  notice  this 
effect  is  almost  entirely 
obviated  by  employing 
a  large  number  of  teeth 
and    making  the  dis- 
tance   between    them 
very  small,  so  that  the 
oscillation  of  the  field 
is  very  slight — indeed, 
practically     impercep- 
tible.   One  section  of 
the  armature  is  wound  in  each  slot,  which  is  just  wide  enough 
to  take  a  single   insulated  wire,  and  deep  enough  to  hold  the 
number  of  wires  in  each  section. 

In  the  armature  shown  in  fig.  198  each  section  consists  of  six 
convolutions,  so  that  there  are  six  wires  in  each  slot.  If  the  slots 
were  made  too  deep,  some  of  the  lines  of  force  would  not  be  cut 
by  the  inner  wires  ;  in  the  present  case,  the  number  thus  missed 
is  very  small,  and  practically  none  are  lost  in  armatures  having  but 
two  turns  in  each  section.     The  core  is  built  up  of  thin  discs 


Digitized 


by  Google 


CHAP.  X.  Paris  &  Scott  Dynamo  399 

of  soft  iron,  of  the  shape  shown  in  the  sectional  figure.  The 
central  holes  are  hexagonal,  and  the  plates  or  discs  are  threaded 
on  to  the  hexagonal  steel  shaft,  so  that  each  one  is  driven  direct 
from  it.  This,  added  to  the  fact  already  mentioned  that  the  wire 
is  wound  in  deep  and  narrow  slots,  makes  the  armature  as  a  whole 
mechanically  strong,  there  being  little  risk  of  a  sudden  stress 
shifting  the  core  or  stripping  the  conductor  from  its  place.  There 
is  an  unusually  large  proportion  of  iron  in  the  core  ;  in  fact,  the 
whole  of  the  space,  except  the  small  amount  taken  up  by  the  in- 
sulating material,  is  occupied  by  the  iron  plates  and  steel  shaft, 
no  allowance  whatever  being  made  for  ventilation.  It  will  be  ob- 
served, however,  that  a  large  amount  of  the  iron  core  (the  edges  of 
the  teeth)  is  in  direct  contact  with  the  air,  and  as  the  armature 
rotates  the  heat  is  carried  off  by  convection,  thus  preventing  any 
great  rise  in  temperature.  The  facility  afforded  in  this  way  for 
the  dissipation  of  the  heat  generated  in  the  core  gives  to  the 
Pacinotti  ring  one  important  advantage. 

The  commutator  sections  or  bars  are  insulated  with  mica,  rings 
of  asbestos  and  fibre  being  employed  at  the  ends  of  the  bars  to 
insulate  them  from  the  clamping-nut  and  washer  by  which  they 
are  held  in  position. 

When  the  machine  is  compound-wound,  the  series-turns  are 
usually  wound  on  the  top  magnet  cores.  Should  the  series  coil 
not  occupy  the  whole  of  the  wire-space,  it  is  filled  up  with  a  por- 
tion of  the  shunt  wire,  which  also  occupies  the  whole  of  the  space 
on  the  lower  magnet  cores.  For  large  machines,  sheet  copper,  insu- 
lated with  strips  of  calico,  is  used  for  the  series  winding. 

The  following  details  concerning  one  of  these  machines,  con- 
structed to  give  12,000  watts  at  an  e.m.f.  of  100  volts  when  driven 
at  710  revolutions,  will  be  of  service. 

The  armature  is  wound  in  fifly-two  sections,  each  of  two  con- 
volutions, so  that  there  are  fifty-two  bars  in  the  commutator  and 
two  wires  in  each  slot.  The  sectional  area  of  the  cast-iron  field- 
magnet  cores  is  considerably  greater  than  that  of  the  armature 
core,  the  former  being  98  and  the  latter  297  square  inches.  The 
maximum  magnetic  induction  through  the  armature  core  is  about 
21,000  c.G.s.  lines  per  square  centimetre. 

The  armature  conductor  is  of  braided  wire,  very  carefully 
insulated  from  the  core  and  from  the  adjacent  wire  in  the  same 
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slot,  and  the  current  density  in  the  conductor,  with  120  amperes, 
is  3,210  amperes  per  square  inch. 

The  series-winding  on  each  of  the  top  limbs  consists  of  twenty- 
eight  turns  of  sheet  copper,  4*5  inches  wide  and  0*025  inch  thick, 
having  a  resistance  of  o-oi24'',  and  giving,  with  the  maximum 
current,  3,360  ampere  turns. 

The  resistance  of  the  shunt  coils  is  32-4"',  the  ampere  turns, 
with  the  potential  difference  of  100  volts,  being  6,468. 

We  may  from  the  above  easily  determine  the  number  of  watts 
expended  in  the  various  parts  of  the  circuit,  remembering  that 
the  amount  developed  in  the  external  circuit  when  the  maximum 
current  is  being  obtained  will  be  e  c  =  100  x  120  =  12,000  watts. 
Thus, 

Shunt  coils        32•4^  watts  lost  with  100  volts      =308 
Series        „     0-0124'^,     „  „         120  amperes =178 

Armature  „       o'04'5"',      „         „         120       „       =648 

Fig.  199  illustrates  the  dynamo  of  Messrs.  Crompton  &  Co. 
It  is  somewhat  similar  to  the  Manchester  dynamo,  and  to  that 
just  described,  in  that  it  consists  of  a  double  electro-magnet,  the 
difference  being  that  it  is  fixed  vertically  instead  of  horizontally. 
The  field-magnet  cores  are  of  annealed  wrought-iron  or  of  mild 
steel,  and  are  fixed  by  bolts  and  nuts  to  the  cast-iron  bed-plates. 
The  coils  are  wound  on  four  bobbins,  and  connected  in  such  a 
manner  that  the  two  coils  on  the  same  magnet-limb  have  their 
similar  poles  adjacent,  the  pair  on  the  one  side  having  their  north 
poles  and  that  on  the  other  side  their  south  poles  adjacent,  so  that 
the  lines  of  force  pass  horizontally  through  the  armature  from  and 
into  those  portions  of  the  vertical  limbs  between  the  coils,  which 
portions  therefore  form  the  pole-pieces. 

This  machine  is  furnished  with  a  ring  armature,  in  which  the 
iron  discs  are  insulated  by  varnished  paper.  The  steel  shaft 
has  four  longitudinal  grooves,  into  which  fit  radial  bars  of 
aluminium  bronze,  their  length  along  the  shaft  being  equal  to  the 
length  of  the  core.  The  outer  ends  of  these  bars  dovetail  into 
notches  in  the  discs.  The  conductor  is  of  rectangular  cotton- 
covered  wire,  wound  in  one  layer  on  the  outer  circumference,  but 
in  two  layers  over  the  inner  face  of  the  core,  which,  besides  being 
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smaller,  is  partly  occupied  by  the  radial  driving  bars.  Insulated 
steel  wedges  project  at  intervals  from  the  core,  to  drive  the  con- 
ductor on  the  outer  circumference,  and  the  armature  is  also  bound 
over  with  thin  tinned  steel  wire  to  prevent  bulging.  The  brushes 
are  carried  on  a  gun-metal  spindle,  which  is  insulated  by  a  fibre 
collar  from  the  cast-iron  rocking  bar. 

Fig.  199. 


Several  interesting  types  of  dynamo  are  made  by  Messrs. 
Ernest  Scott  &  Mountain,  and  one  of  these,  fitted  with  a  ring 
armature,  is  illustrated  in  fig.  200.  Special  attention  is  directed 
to  the  field-magnet,  the  construction  of  which  is  clearly  shown  in 
fig.  201.  There  is  only  one  field-magnet  coil,  which  is  wound  on 
a  wrought-iron  bobbin,  and  slipped  over  a  cylindrical  core  of  soft 
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wrought-iron  of  high  permeability.  This  core  is  fixed  in  a  horizontal 
position,  its  ends  being  turned  down  to  fit  into  massive  castings, 
which  form  the  continuation  of  the  field-magnet  core,  and  also  the 
pole-pieces.  The  core  is  made  to  fit  into  the  castings  accurately, 
in  order  to  avoid  as  far  as  possible  the  introduction  of  any 
additional  magnetic  resistance  at  the  joints,  and  the  three  pieces 
are  securely  held  together  by  two  circular  steel  nuts,  which  screw 
on  to  the  extreme  ends  of  the  wrought-iron  core  as  shown. 

Fig.  200. 


As  the  field-magnet  is  fixed  with  the  pole-pieces  downward, 
it  is  necessary  to  magnetically  insulate  it,  as  far  as  possible,  from 
the  cast-iron  bed-plate,  in  order  to  minimise  the  leakage  of  the 
lines  of  force.  This  is  effected  by  supporting  the  field-magnet 
on  two  strong  gun-metal  brackets,  which  are  bolted  to  the  bed- 
plate and  field-magnet,  as  shown  in  figs.  200  and  201. 

The  spindle  is  of  mild  steel,  the  bearings  being  of  gun-metal 
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lined  with  white  metal ;  and  it  will  be  seen  that  the  design  is 
such  that  the  centre  of  gravity  of  the  moving  parts  is  very  low, 
thus  securing  freedom  from  vibration. 

The  sections  given  in  figs.  201  and  202  illustrate  the  manner 
in  which  the  armature  is  built  up.   The  core-plates  are  of  Swedish 

Fig.  201. 


charcoal  iron,  and  a  stout  wrought-iron  disc  is  placed  at  each  end 
of  the  core.  The  plates  are  driven  from  the  shaft  by  means  of  a 
gun-metal  frame  made  in  halves,  and  having  three  radial  arms, 
with  extensions  at  the  ends.  The  edges  of  the  arms  fit  into  slots 
cut  in  the  core  discs,  and  the  two  halves  of  the  frame  are  held 
firmly  together  by  three  steel  bolts  which  pass  though  the  arms. 
When  the  nuts  on  tb^se  bolts  are  screwed  up,  the  extensions  of  the 
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arms  press  against  the  stout  wrought-iron  end  discs,  and  hold  the 
whole  of  the  core  discs  tightly  in  position.  The  gun-metal 
driving  frame  is  keyed  to  the  shaft,  thus  securing  rigid  driving ; 
and  one  end  of  the  frame  bears  against  a  hub  on  the  shaft,  two 
steel  nuts  being  screwed  up  against  the  other  end. 

The  construction  of  the  commutator  is  shown  to  the  left  in  fig. 
202.  A  phosphor  bronze  sleeve  fits  over  the  shaft,  and  it  is  pro- 
vided at  the  right-hand  Qpd  with  a  flange,  coned  to  fit  into  the 
ends  of  the  hard-drawn  copper  segments,  while  a  similarly  coned 
washer  fits  into  their  other  ends,  the  washer  being  clamped  up 
tight  by  means  of  a  circular  nut. 

It  will  be  seen  that  the  machine  is  compact,  and  that  the 
design  is  simple  and  readily  admits  of  good  mechanical  construc- 
tion throughout. 

The  particular  machine  illustrated  is  shunt-wound,  and  when 
running  at  750  revolutions  per  minute  it  is  capable  of  maintaining 
a  current  of  380  amperes  at  a  potential  difference  of  105  volts. 

We  have  remarked  that  it  is  not  possible  in  practice  to  *  com- 
pound '  a  machine  to  give  a  constant  current  in  the  same  manner 
that  a  constant  potential  can  be  maintained.  Hence  a  variety  of 
other  devices,  mostly  mechanical,  have  been  suggested  for  the 
purpose,  one  of  which  has  already  been  described,  and  we  will 
now  direct  attention  to  a  machine,  designed  and  constructed  by 
Mr.  J.  G.  Statter,  to  maintain  a  constant  current  at  a  constant 
speed  when  the  external  resistance  is  varied  ;  or  when  the  speed  is 
varied  and  the  resistance  remains  unaltered ;  or,  within  certain 
limits,  when  both  speed  and  resistance  vary. 

Although  the  machine  has  not  been  used  to  any  considerable 
extent,  it  probably  best  represents  its  particular  class,  and  the  con- 
siderations involved  in  the  design  will  prove  instructive. 

When  an  armature  is  rotated  in  a  simple  field,  with  the  brushes 
removed  from  the  commutator,  there  are  two  points,  at  opposite 
extremities  of  a  diameter,  at  one  of  which  the  potential  is  a 
maximum  (positive)  and  at  the  other  a  minimum  (negative),  and 
it  is  at  these  points  that  the  brushes  should  be  set  in  order  to 
obtain  the  greatest  difference  of  potential.  From  the  negative  to 
the  positive  brush,  either  way  round  the  commutator,  the  potential 
gradually  increases  in  value,  and  if  the  negative  brush  were  shifted, 
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say,  20°  forward,  it  would  touch  at  a  point  of  higher  potential,  and 
consequently  the  difference  between  the  two  brushes  would  be  re- 
duced. A  like  reduction  would  follow  if  the  positive  brush  were 
moved  forward,  because  it  would  then  make  contact  at  a  point  of 
lower  potential ;  and  in  the  third  case  the  difference  of  potential 
between  the  two  might  be  decreased  by  giving  them  simultaneously 
a  greater  angle  of  lead,  until  they  would  be  at  nearly  the  same 
potential  when  moved  through  an  angle-of  90^ 

It  follows  that  by  merely  shifting  the  brushes  the  potential 
difference  at  the  terminals  may  be  made  what  we  please  from  the 
maximum  downwards,  and  this  method  might  be  employed  to  vary 
the  pressure,  and  therefore  the  current,  to  suit  the  requirements  of 
the  circuit.  Thus  the  brushes  might  be  set  20°  ahead  of  their 
normal  position  of  no  sparking — that  is,  where  the  difference  of 
potential  between  them  is  at  a  maximum— and  then,  if  the 
current  became  too  strong,  the  brushes  could  be  shifted  yet 
further  ahead,  thus  reducing  the  potential  difference  and  also  the 
current ;  while  by  moving  the  brushes  back  towards  their  normal 
position  the  current  could  be  increased  in  strength,  should  it  fall 
below  the  desired  value. 

This  would,  however,  be  impracticable  in  an  ordinary  dynamo, 
on  account  of  the  terrific  sparking  which  would  ensue  ;  and  one  of 
the  principal  features  in  the  machine  under  notice  is  the  method 
by  which  it  becomes  possible  to  vary  the  lead  of  the  brushes 
through  a  considerable  angle,  without  causing  this  sparking. 

Confining  our  attention  at  present  to  the  case  of  ring  arma- 
tures, it  will  be  remembered  that  when  a  coil  which  is  carrying  the 
whole  of  the  current  generated  in  one  half  of  the  armature  is 
short-circuited  by  the  brush,  the  electro- magnetic  inertia  of  the 
coil,  due  to  its  self-induction,  prevents  the  instantaneous  cessation 
of  the  current ;  and  that  even  if  the  coil  is  commutated  at  the 
moment  when  its  plane  is  exactly  at  right  angles  to  the  field,  and 
therefore  in  itself  inactive,  yet  there  will  be  a  considerable  spark 
caused  by  what  we  may  term  the  self-induction  current  in  the  coil. 
For  this  reason  it  is  found  to  be  necessary  to  give  the  brushes  a 
slight  extra  lead,  so  that  the  coil  may  begin  to  cut  lines  of  force, 
and  have  induced  in  it  an  opposing  e.m.f.  sufficiently  strong  to 
just  counteract  this  self-induction  effect,  and  stop  the  current  in 
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the  coil  before  the  brush  leaves  its  commutator  bars.  Now,  the 
weaker  the  field  the  greater  is  the  extra  lead  required  to  obtain 
this  opposing  e.m.f.  The  extra  lead  also  increases  with  the  self- 
induction  of  each  individual  coil,  while  in  the  case  of  some  arma- 
tures having  but  one  or  two  convolutions  in  each  section  it  is 
very  slight 

It  must  be  remembered  that  this  extra  lead  is  not  due  to  the 
distortion  of  the  field,  but  is  simply  required  to  prevent  the  spark 
which  would  otherwise  result  from  the  self-induction  of  the  coils. 
Neither  must  it  be  forgotten  that  if  the  current  is  kept  constant 
in  strength,  the  e.m.f.  thus  required  to  be  counterbalanced  is  the 
same  whether  the  coil  is  short-circuited  at  lo^  20°,  or  30®  ahead 
of  the  normal  position.  In  an  ordinary  field  the  activity  of  a 
coil  increases  with  such  rapidity  as  it  leaves  the  neutral  position 
that  the  self-inductive  effect  is  quickly  over-balanced,  and  there  is 
a  remaining  e.m.f.  opposite  in  direction  induced  by  the  field  in 
the  coil,  which  is  then  competent  to  cause  sparking. 

But  if  the  field  were  made  uniform  and  of  such  strength  that 
for  a  certain  distance  beyond  the  neutral  point— say  through  an 
angle  of  40® — the  number  of  lines  cut  by  the  coil  at  any  position 
in  that  angular  space  was  just  sufficient  to  counterbalance  the 
E.M.F.  of  self-induction,  then  the  potential  difference  at  the  ends 
of  the  coil  throughout  that  range  would  be  «/7,  and  no  sparking 
would  ensue  if  it  were  short-circuited. 

This  is  Mr.  Statter's  method  ;  and  in  order  to  allow  a  strong 
field  to  be  employed,  each  coil  contains  an  unusually  large 
number  of  convolutions,  there  being  also  plenty  of  iron  in  the 
armature,  so  that  a  strong  field  is  required  to  counterbalance  the 
resulting  high  self-inductive  effect.  Portions  of  the  pole-pieces 
are  cut  away  at  such  points  as  will  make  the  density  of  the  lines 
of  force  entering  the  armature  over  a  given  angle  uniform  ;  and 
the  exact  places  where  the  field  has  to  be  increased  or  reduced 
in  strength  are  ascertained  by  experimenting  in  the  following 
manner. 

A  series  machine  is  constructed  in  the  ordinary  way,  having 
pole-faces  concentric  with  the  armature,  but  with  a  rather  larger 
number  of  convolutions  than  usual  in  each  armature  section.  The 
speed  at  which  it  is  driven  is  kept  constant,  and  also  the  current. 
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say  at  10  amperes,  when  the  effect  of  self-induction,  which  has  to 
be  balanced,  but  not  over- balanced,  will  be  constant  also.  The 
first  step  is  to  find  out  what  is  the  activity  of  a  single  coil  at  the 
various  stages  of  its  circular  path,  and,  in  order  to  decide  this, 
use  is  made  of  a  set  of  apparatus  which  has  been  employed  for 
different  objects  by  other  experimenters  with  good  results.  It  con- 
sists of  a  voltmeter  of  the  requisite  range,  having  its  terminals 
connected  by  flexible  wires  to  two  copper  strips,  which  are  fixed  at 
a  sufficient  distance  apart  by  pieces^f  insulating  material  so  that 
their  ends  bridge  over  the  width  of  a  commutator  segment.     The 

Fig.  903. 


arrangement  of  this  simple  apparatus  and  the  method  of  using  it 
are  indicated  in  fig.  203.  While  the  machine  is  running,  and 
sending  a  current  through  an  external  resistance,  the  exploring 
brushes,  as  we  may  term  them,  are  held  against  the  commutator, 
as  indicated  in  the  figure,  and  each  coil  as  it  passes  the  point 
where  the  brushes  are  placed  is  connected  for  a  moment  to  the 
voltmeter,  which  indicates  the  electro-motive  force  developed  in 
the  coils  while  passing  that  position.  The  exploring  brushes  are 
shifted  by  suitable  stages  round  the  whole  of  the  commutator, 
and  the  deflection  of  the  voltmeter  noted  for  each  position.  The 
results  are   plotted   in  the  form  of  a  curve  (see  fig.  204),  the 
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distances  along  the  horizontal  line  being  taken  to  represent  the 
angular  distance  of  the  coil  from  the  zero  position  on  the  commu- 
tator, while  the  vertical  distances  represent  the  e.m.f.  in  volts 
developed  by  one  coil  in  the  various  positions. 

The  curve  c  c  was  obtained  in  this  manner  when  the  main 
brushes  were  placed  in  the  normal  position,  the  lead  being  about 
20°.  The  results  obtained  in  passing  down  the  commutator  in 
the  direction  of  rotation  are  plotted  above,  while  those  obtained  in 
passing  up  are  plotted  below  the  line ;  and  it  will  be  observed 
that  the  e.m.f.  at  the  extremities  of  each  coil  becomes  nil  at  20® 
from  zero,  while  it  is  a  maximum  at  about  1 50®  from  zero. 

To  facilitate  comparison,  both  the  point  vertically  above  and 
that  vertically  below  the  centre  of  the  shaft  are  regarded  as  zero 
points. 

This  curve  having  been  obtained,  the  brushes  were  shifted 
forward  to  a  position  60°  from  zero,  and,  regardless  of  sparking, 
the  potential  difference  at  the  extremities  of  a  coil  in  all  the 
various  positions  was  again  measured.  Another  curve,  d  d  d,  was 
obtained  by  plotting  these  results,  and  it  will  be  observed  that,  at 
the  moment  a  coil  is  passing  under  the  main  brushes,  the  potential 
difference  at  its  ends  is  considerable.  This  potential  difference, 
which  gives  rise  to  the  sparking,  is  in  fact  proportional  to  the 
height  of  the  ordinate  l,  and  it  is  equal  to  the  excess  of  the  e.m.f. 
induced  in  the  coil  by  the  powerful  field  at  this  point  over  the 
momentary  l.m.f.  due  to  the  self-induction  of  the  coil  at  the 
moment  it  is  short-circuited.  It  is  clear,  then,  that  to  eliminate 
the  sparking  when  the  main  brushes  are  given  a  forward  lead  of 
60°,  the  strength  of  the  field  must  be  reduced  by  just  so  many  lines 
of  force  as  would  develop  an  e.m.f.  proportional  to  the  ordinate  L, 
and  then  the  e.m.f.  of  self-induction  and  that  being  induced  in  the 
coil  would  exactly  balance.  The  length  and  number  of  active  con- 
ductors in  each  coil,  and  also  the  speed  of  rotation,  being  known, 
this  number  of  lines  of  force  can  readily  be  determined. 

The  main  brushes  were  next  given  a  lead  of  90°,  when,  as 
might  be  expected,  the  sparking  became  even  more  severe,  but  by 
means  of  the  exploring  brushes  and  voltmeter  the  curve  e  e  e  was 
rapidly  obtained.  The  e.m.f.  in  excess,  which  at  this  position  of 
the  brushes  causes  the  sparking,  is  represented  by  the  ordinate  k, 


Digitized 


by  Google 


CHAP.  X.  E,M.F.  Curves  411 

which  gives  a  means  of  estimating  the  extent  to  which  it  is  here 
necessary  to  reduce  the  strength  of  the  field.  Ten  such  curves 
were  obtained  with  the  brushes  in  various  positions  between  20'' 
and  100*' ;  but  we  have  only  given  three  of  them  in  order  to 
avoid  a  complex  figure.  From  each  point  on  the  horizontal  line 
corresponding  to  the  angular  distance  of  the  main  brushes  from 
zero,  a  perpendicular  is  erected  to  cut  the  curve  which  was  obtained 
with  those  brushes  in  that  particular  position  (as  we  have  observed, 
L  and  K  are  such  ordinates),  and  by  joining  the  tops  of  the  whole 
of  the  ten  ordinates  the  dotted  curves  starting  at  20®  and  termi- 
nating at  s  are  obtained. 

The  area  contained  between  one  of  these  curves  and  the  hori- 
zontal line  affords  an  indication  of  the  amount  of  iron  which 
should  be  removed  from  the  corresponding  pole-face  in  order  to 
weaken  the  field  to  the  desired  extent. 

But  since  the  very  act  of  increasing  the  distance  between  the 
pole-face  and  the  armature  core  at  one  point  increases  the  density 
of  the  lines  of  force  at  another  adjacent  point,  the  areas  only  ap- 
proximately represent  the  shape  of  the  cavity  required  in  the  pole- 
face.  For  this  reason  the  curves  are,  in  practice,  simply  used  as  a 
guide  to  indicate  to  what  extent  the  field  requires  reduction  at  the 
various  parts,  and  the  iron  is  removed  to  a  rather  less  extent  than 
is  sufficient,  so  as  to  allow  a  margin  for  any  error.  Other  curves 
are  then  obtained  by  means  of  the  exploring  apparatus,  and  a 
second  approximation  to  the  final  result  is  arrived  at,  the  pro- 
cess being  again  repeated  if  necessary.  The  dotted  curve  k  was 
obtained  with  the  brushes  at  90°  after  the  pole-face  had  been 
shaped,  and  shows  by  its  coincidence  with  the  horizontal  line  at 
90**  that  no  sparking  took  place  with  the  brushes  in  that  posi- 
tion. 

One  method  of  modifying  the  field  is  to  cut  a  groove  in  the 
pole-face  parallel  to  the  shaft  after  the  manner  shown  in  fig.  203, 
and  it  will  be  seen  that  the  outline  of  the  groove  approximates 
somewhat  to  the  dotted  shaping  curves  in  fig.  204. 

The  desired  result  may,  however,  be  obtained  by  removing  the 
iron  in  a  variety  of  ways,  such  as  boring  holes  in  the  pole-pieces, 
or  even  by  using  iron  of  different  permeability. 

We  have  here  considered  the  case  of  a  ring  armature  machine 
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in  which  the  maximum  number  of  lines  which  each  coil  can  at 
any  one  time  embrace  is  only  half  the  total  number  passing  through 
the  core.  But  in  the  case  of  a  drum  armature,  the  whole  of  the 
lines  can  at  once  be  embraced  and  cut  by  a  coil  during  half  a 
revolution  ;  it  is  therefore  only  necessary  to  *  explore '  through 
1 80**  round  the  commutator,  and  plot  the  curves,  say  above  the 
line,  to  obtain  one  shaping  curve.  This  will  indicate  approxi- 
mately the  amount  by  which  the  whole  field  must  be  reduced,  and 
the  whole  of  the  iron  may  be  removed  from  one  pole-piece,  or 
half  from  each,  as  in  fig.  203. 

In  this  manner,  then,  is  it  rendered  possible  for  the  brushes 
to  be  shifted  through  a  considerable  angle  in  order  to  vary  the 
potential  difference,  and  maintain  a  constant  current  strength,  with- 
out introducing  sparking.  It  now  remains  to  show  the  method  by 
which  the  brushes  are  automatically  moved  to  the  proper  position 
when  the  current  tends  to  vary.  A  view  of  the  machine,  with  its 
automatic  regulator,  is  given  in  fig.  205.  In  this  particular  case  two 
deep  grooves  are  cut  in  each  pole-face,  but  they  do  not  extend  to 
the  pole-cheek,  so  that,  in  external  appearance,  it  is  similar  to  an 
ordinary  machine.  The  solenoid  shown  in  the  front  of  the  figure 
is  wound  with  thick  wire,  and  is  joined  up  in  the  main  circuit, 
so  that  the  whole  current  passes  through  it.  Inside  it  is  a  core 
capable  of  a  small  vertical  movement,  its  centre  being  below  that 
of  the  solenoid.  When  the  main  current  rises  above  its  proper 
value,  this  core  is  sucked  up,  and  throws  into  gear  a  simple  me- 
chanism which  increases  the  lead  of  the  brushes  and  so  reduces 
the  current ;  similarly,  a  reduction  in  the  current  strength  allows 
the  core  to  fall,  when  the  mechanism  is  reversed,  and  the  brushes 
recede  towards  the  zero  or  maximum-potential  position. 

The  bar  which  carries  the  brush-holders  is  placed,  as  usual, 
on  the  end  of  the  bearing  next  the  commutator,  the  collar,  how- 
ever, being  adjusted  and  the  bearing  oiled  so  that  the  bar  can 
rock  easily.  On  the  upper  part  of  the  collar  is  fixed  a  toothed 
segment,  which  gears  with  a  pinion  on  a  spindle  parallel  to  the 
main  shaft  j  the  other  end  of  this  spindle  carries  two  ratchet- 
wheels,  each  5.^  inches  in  diameter,  but  with  their  teeth  set  in 
opposite  directions.  The  nearer  of  these  ratchet-wheels  can  be 
seen  in  the  figure  ;  the  other  is  but  ^  inch  behind  it,  and  the  two 
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are  rigidly  fixed  together  by  means  of  three  set  screws.     When 
these  wheels  are  rotated,  the  pinion  at  the  other  end  of  the  spindle 

Fig.  205. 


on  which  they  are  fixed  communicates  the  motion  to  the  toothed 
segment  on  the  brush-bar  collar,  and  thereby  slightly  alters  the 
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lead  of  the  brushes,  either  forward  or  backward,  according  to  the 
direction  in  which  the  ratchet-wheels  are  turned. 

Above  the  wheels  is  a  curved  bar,  w^ith  a  pawl  at  either  end ;  the 
pawls,  however,  are  not  in  line,  one  being  placed  directly  over  and 
gearing  with  the  front  wheel,  w^hile  the  other  gears  with  the  back 
wheel.  When  the  machine  is  running,  the  curved  bar  has  given 
to  it  a  continual  rocking  motion  through  a  small  angle,  by  means 
of  a  rod  having  at  one  end  a  slot,  in  which  plays  a  pin  eccentrically 
fixed  on  the  end  of  the  main  shaft.  In  the  normal  state,  the 
range  through  which  the  bar  moves  is  such  that  neither  pawl 
quite  touches  the  ratchet-wheel  directly  under  it,  but  by  tilting 
the  bar  a  little  one  way  or  the  other,  either  pawl  can  be  lowered 
sufficiently  to  gear  with  its  wheel  at  every  pulsation. 

This  tilting  is  given  in  the  proper  direction  by  the  movement 
of  the  core  in  the  solenoid,  the  core  being  attached  to  the  curved 
rocking  bar  by  a  light  rod,  and,  when  the  current  becomes  too 
strong  and  the  core  is  sucked  upwards,  that  pawl  is  thrown  into 
gear  which,  step  by  step,  gives  to  the  brushes  a  forward  moment, 
and  vice  versd. 

The  large  tube  which,  in  the  figure,  can  be  seen  passing  right 
through  the  solenoid  is  rigidly  fixed  to  it,  and,  in  fact,  forms  the 
tube  of  the  bobbin  on  which  the  wire  is  wound.  It  is  made  of 
brass,  and  inside  it  the  core,  which  is  a  wrought-iron  tube  i^  in. 
in  diameter,  slides  freely.  The  solenoid  is  6  inches  in  length,  and 
the  iron  core  is  a  trifle  longer,  its  centre  being  about  i  inch  below 
the  centre  of  the  solenoid.  Its  play  is  limited  to  ^^  inch,  so  that 
it  can  only  move  just  far  enough  to  throw  the  pawls  in  gear. 

The  machine  regulates  remarkably  well  under  the  varying 
conditions  previously  referred  to,  the  brushes  steadily  travelling 
backward  and  forward  with  but  little  sparking.  The  machine 
pictured  in  fig.  205  was  designed  to  supply  a  constant  current  of 
10  amperes  to  a  number  of  arc  lamps  joined  up  in  series,  and  is 
driven  at  1,000  revolutions  per  minute.  Any  alteration  in  the 
number  of  lamps  in  circuit  of  course  varies  the  external  resistance, 
and  the  regulator  immediately  moves  the  brushes  to  compensate 
for  this.  With  the  maximum  number  of  lamps  joined  up,  the 
potential  difference  at  the  terminals  is  1,290  volts,  so  that  the 
power  available  in  the  external  circuit  is  12,900  watts.     It  is  series- 
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wound,  the  resistances,  measured  when  the  wires  were  hot,  being 
armature,  879  ohms  ;  field-magnets,  3*3  ohms  ;  regulating  sole- 
noid, 0*57  ohm.  There  are  sixty  commutator  bars,  and  the 
number  of  convolutions  in  each  section  of  the  armature  is  fifty- 
four.  The  magnetic  induction  through  the  armature  is  rather  over 
17,000  C.G.S.  lines. 

A  type  of  machine  differing  from  those  previously  considered, 
in  regard  both  to  the  armature  and  the  field,  is  illustrated  in  fig. 
206.  It  is  known  as  the  *  Victoria '  dynamo,  and  is  a  development 
by  Mr.  W.  M.  Mordey  of  a  machine  originally  designed  by 
Schuckert.  In  the  earlier  days  of  practical  dynamo-building, 
engineers  were  much  exercised  by  the  comparatively  large  propor- 
tion of  wire  on  ring  armatures  which  cuts  few  or  none  of  the  lines 
of  force,  and  which,  therefore,  is  called  idle  wire.  The  Schuckert 
machine  was  designed  to  minimise  this  as  much  as  possible,  by 
flattening  the  armature  ring,  and  extending  the  pole-pieces  so  as 
to  make  them  embrace  more  of  the  wire  on  the  flattened  sides  of 
the  coils.  The  arrangement  did  not,  however,  altogether  answer 
the  anticipations,  for  by  merely  extending  the  pole-pieces  the 
density  of  the  lines  of  force  was  diminished,  and,  with  a  magnet 
developing  a  certain  strength  of  field,  it  matters  little  whether  that 
field  is  spread  out  and  the  lines  of  force  cut  by  a  long  piece  of 
wire,  or  whether  the  field  is  more  concentrated  and  cut  by  only  a 
portion  of  the  same  wire. 

This  form  of  armature,  even  when  the  best  shape  is  given  to 
the  pole-pieces,  is  in  reality  slightly  less  efficient  than  either  the 
ordinary  ring  or  the  drum  form,  but  it  was  nevertheless  for  along 
time  a  favourite,  chiefly  because  it  offers  good  facilities  for  venti- 
lation, is  very  light  in  construction,  and  (owing  to  the  sectional 
shape  of  the  armature  coils)  there  is  but  little  tendency  for  the 
wires  to  fly  out  when  driven  at  a  high  speed.  Flat  ring  armatures 
are  also  usually  set  to  rotate  in  a  *  multiple  field ' — that  is  to  say,  the 
field  is  generated  by  four,  six,  or  sometimes  eight  poles.  Dynamos 
with  more  than  two  poles  are  frequently  called  *  Multipolar' 
machines. 

Fig.  206  illustrates  a  four-pole  Victoria  dynamo,  four  being 
the  number  most  frequently  employed.  Each  cast-iron  pole-piece 
which  partly  embraces  the  armature  has  connected  to  it  two 
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cylindrical  wrought-iron  cores,  the  outer  ends  of  these  cores  being 
bolted  to  the  cast-iron  standards  forming  the  yokes. 


\ 


\ 
\ 


The  two  coils  on  each  pair  of  cores  are  so  wound  that  their 
similar  poles  are  adjacent  to  the  cast-iron  pole-piece  between  them, 
thus  developing  a  strong  field  from  the  pole-piece.     These  pole- 
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pieces  are  magnetised  in  this  way  alternately  north  and  south,  the 
arrangement  of  the  entire  field  being  that  shown  in  fig.  207,  where 
the  direction  of  the  lines  of  force  through  the  armature  core 
when  it  is  at  rest  and  the  field  undistorted  is  shown  by  the  arrow- 
heads. The  lines  of  force  enter  at  the  outer  circumference,  and 
also  at  both  sides  of  the  armature. 

As  the  diameter  of  commutation  is  at  right  angles  to  the  lines 
of  force,  and  as  in  this  multiple  field  there  are  two  such  diameters, 
A  B  and  c  D,  two  sets  of  brushes  would  appear  to  be  necessary. 
This  will  be  more  apparent  if  we  consider  the  inductive  effects 
upon  a  single  coil  during  a  complete  revolution.  Supposing  the 
coil  to  start  from  a,  where 
its  plane  is  at  right  angles  ^^°'  '^'^' 

to  the  lines  of  force,   its  ^ 

upper  portion  will,  in  ap- 
proaching the  pole- piece,  n, 
cut  the  lines  of  force  from 
above,  and  in  passing  from 
N  to  D  it  will  cut  other  lines, 
opposite  in  direction,  from 
below,  the  result  being  that 
the  induced  current  is  in 
one  direction  only  during 
the  whole  journey  from  a 
to  D.  Here  the  reversal 
takes  place,  for  the  coil,  in 
approaching   s,  cuts   these 

lines  from  above,  and,  passing  s,  cuts  opposite  lines  from  below, 
whence  another  continuous  current  is  generated  while  the  coil  is 
travelling  from  d  to  f,  where  a  second  reversal  takes  place  ;  and 
similarly  with  the  other  quadrants,  the  third  reversal  occurring  at  c, 
and  the  fourth  at  a.  Or,  viewing  the  matter  from  another  standpoint, 
since  the  reversal  of  the  current  takes  place  at  that  moment  when 
the  maximum  number  of  lines  of  force  is  projected  through  a  coil, 
and  as  this  maximum  occurs  at  the  point  midway  between  each 
pair  of  pole-pieces  (the  field  being  still  undistorted),  it  will  be  evi- 
dent that  the  current  must  be  reversed  as  the  coil  passes  the  points 
A,  B,  c,  and  D.     Therefore,  were  the  armature  joined  up  in  the 
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ordinary  way,  one  pair  of  brushes  must  be  placed  on  the  diameter 
A  B,  and  another  on  the  diameter  c  d,  to  collect  the  current  from 
all  the  coils. 

To  avoid  the  employment  of  four  brushes  a  simple  modification 
is  made  in  the  winding.  As  every  pair  of  diametrically  opposite 
coils  is  at  every  stage  undergoing  precisely  the  same  inductive 
effect  as  the  pair  of  coils  situated  at  right  angles  to  it,  it  follows 
that  every  two  such  pairs  of  coils  can  be  permanently  joined 
together  in  parallel,  for  they  are  at  every  moment  developing  equal 
E.M.F.'s.  By  this  device  only  two  brushes  are  necessary,  one 
being  set  90°  ahead  of  the  other. 

The  method  by  which  this  *  cross-connecting '  is  effected  in 
the  Victoria  machine  practically  consists  in  joining  together  the 
diametrically  opposite  commutator  bars,  as  illustrated  in  fig.  208. 

In  this  machine,  as  in  every  other,  the  reaction  of  the  armature 
distorts  the  field  and  necessitates  a  forward  lead  being  given  to 
the  brushes,  which,  however,  are  always  separated  by  the  same 
angle,  viz.  90°.  It  must  also  be  pointed  out  that  there  are  always 
four  paths  open  to  the  current  through  the  armature,  and  that 
therefore  the  resistance  from  brush  to  brush  is  but  one-sixteenth 
of  what  it  would  be  were  the  whole  of  the  coils  joined  in  series. 
The  low  resistance  thus  obtained  is  an  important  feature  in  favour 
of  multiple  pole  machines,  for,  in  order  to  get  with  the  ordinary 
ring  or  drum  winding  an  equally  low  resistance,  the  conductor 
would  have  to  be  so  massive  that  mechanical  construction  would 
be  far  less  easy,  and  eddy  currents  would  be  generated  in  the 
conductor  itself  unless  prevented  by  lamination. 

In  the  case  of  a  six-pole  machine  constructed  on  similar  lines, 
either  six  brushes  must  be  used,  or,  as  is  actually  done,  the  com- 
mutator segments  120''  apart,  joined  together  in  threes,  two 
brushes  being  then  employed  with  an  angle  of  60°  between  them. 

In  this  class  of  machine,  however,  the  adjacent  pole-pieces, 
being  of  opposite  polarity,  must  not  approach  each  other  too 
closely,  otherwise  an  unduly  large  proportion  of  the  lines  of  force 
will  leak  across  the  air-space  instead  of  passing  through  the  arma- 
ture, and  in  any  case  the  armature  must  be  provided  with  sufficient 
iron  to  make  the  magnetic  resistance  low.  Special  care  must  also 
be  taken  with  the  lamination  of  the  armature  core.     It  will  be 
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remembered  that  the  eddy  currents  induced  in  a  rotating  core,  as 
in  any  other  moving  conductor,  are  at  right  angles  to  the  hnes 
of  force  of  the  field,  and  also  to  the  direction  in  which  the 
conductor  is  moving.  In  the  case  of  the  ordinary  simple-field 
machine,  the  lamination  of  the  armature  presents  little  difficulty,  as 
the  lines  of  force  enter  it  from  the  outside  circumference  only. 
But  the  pole-piece  embraces  a  flat-ring  armature,  and  the  lines  of 
force  enter  at  the  sides  as  well  as  at  the  circumference,  and  it  is 
therefore  necessary  to  laminate  the  core  in  two  directions,  so  as 
to  avoid  currents  being  induced  either  radially  or  in  a  direction 
parallel  to  the  shaft. 

For  this  reason  an 
unusually  large  propor- 
tion of  the  space  inside 
the  coils  of  a  flat  ring 
armature  is  occupied  by 
insulating  material  in- 
stead of  iron. 

Referring  again  to 
fig.  207,  it  will  be  seen 
that  the  direction  of  the 
lines  of  force  through  the 
armature  is,  as  it  rotates, 
frequently  reversed,  and 
that  the  number  of 
reversals  per  revolution 
would  be   increased  by 

increasing  the  number  of  poles.  Such  changes  in  magnetisation, 
if  too  rapid,  would  heat  the  core  considerably  on  account  of  the 
hysteresis,  and  impair  the  efficiency  of  the  machine,  and  this  is  one 
reason  why  more  than  six  poles  are  rarely  employed. 

Fig.  209  is  a  sectional  side-elevation,  showing  the  construction 
of  the  Victoria  dynamo,  fig.  210  being  an  end  elevation,  half  in 
section,  of  the  same  machine. 

The  core  is  built  up  by  winding  iron  tape,  0*012  in.  thick 
and  about  half  an  inch  wide  (with  thin  paper  insulation),  round  a 
stifl"  wrought-iron  foundation  ring,  which  is  of  the  same  width  as  the 
completed  core,  and  is  slotted  on  both  edges  at  four  equidistant 
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places.  The  four-armed  gun-metal  spider  s  (fig.  210)  is  made  in 
two  halves,  held  tightly  together  by  hexagonal  nuts  screwing  on  to 
the  shaft,  to  which  also  the  hub  is  keyed.  A  bolt  likewise  passes 
through  each  of  the  arms,  and  when  this  divided  spider  is  thus 
rigidly  held  in  position,  a  little  projection  from  the  outer  extremity 
of  each  arm  fits  tightly  into  one  slot  of  the  wrought  iron  foundation 
ring,  and  also  extends  a  short  distance  into  the  core,  a  few  of  the 
inner  layers  being  slotted  for  the  purpose. 

Fig.  210. 


The  section  of  the  core  is  rectangular,  and  its  radial  depth  is 
considerably  less  in  proportion  than  that  of  the  early  flat  ring  ar- 
matures. Comparatively  few  of  those  lines  of  force  which  enter  at 
the  outer  circumference  penetrate  through  the  whole  depth  of  the 
core,  and  consequently  the  lamination  near  the  foundation  ring 
need  not  be  carried  to  a  very  great  extent  to  prevent  the  flow  of 
currents  in  a  direction  parallel  to  the  shaft.  7'he  strips  are,  for 
this  reason,  narrower  and  more  numerous  towards  the  outer  cir- 
cumference than  near  the  inside. 
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The  armature  conductor  is  rectangular  in  section,  insulated 
with  tape,  and  is  wound  in  one  continuous  spiral  round  the  core, 
the  connections  from  the  commutator  bars  being  soldered  on  at 
the  proper  points  on  the  inside  of  the  ring. 

The  armatures  of  the  smaller  machines  are,  however,  wound 
with  ordinary  circular  wire,  cotton -covered,  and  well  varnished. 

Each  of  the  vertical  standards  forming  the  yokes  is  cast  in  two 
pieces,  which  are  bolted  together,  so  that  the  upper  portion  of 
each,  with  the  two  upper  field -magnets,  can  be  removed  to  afford 
access  to  the  armature.  This  arrangement  is  shown  in  the  figures, 
from  which  it  will  further  be  seen  that  the  upper  part  of  the 
bearings  can  also  be  detached,  thus  enabling  the  armature  to  be 
easily  lifted  out  of  its  position,  when  necessary,  for  examination  or 
repair. 

As  in  all  other  machines,  it  is  necessary  for  the  space  between 
the  field -magnet  and  the  armature  to  be  as  small  as  possible,  and 
since  the  pole-pieces  extend  over  the  sides  of  the  latter,  it  is  clear 
that  there  must  be  no  end  play,  or  shifting  of  the  shaft  length- 
ways ;  this  is  effectually  prevented  by  the  long-grooved  bearing 
shown  to  the  right  in  fig.  209. 

The  machine  illustrated  is  intended  to  be  driven  at  1,000 
revolutions  per  minute,  and  is  then  capable  of  developing  15,000 
watts  in  the  external  circuit,  at  a  terminal  potential  difference  of 
no  volts 

•  The  *  Battersea '  dynamo  (fig.  211)  is  another  multipolar  flat 
ring  machine  and  is  worthy  of  special  notice.  As  has  been 
remarked,  such  machines,  while  slightly  less  efficient  than  other 
forms,  present  in  some  respects  fewer  difficulties  in  construction, 
and  the  Battersea  dynamo  is,  from  a  mechanical  point  of  view,  as 
well  as  electrically,  an  exceptionally  good  specimen  of  its  class. 
Taken  as  a  whole,  however,  a  machine  of  this  type  is  more  expen- 
sive to  construct  than  an  ordinary  two-pole  dynamo  of  equal  out- 
put, and  for  this  reason  it  is  dropping  into  disuse. 

Fig.  212  gives  a  longitudinal  section  through  one  of  these 
machines,  a  side  elevation  being  shown  in  fig.  213.  It  is  a  four- 
pole  machine,  having  an  output  of  12,000  watts. 

The  foundation  of  the  armature  core  is  the  rim  of  a  strong 
gun-metal  wheel,  which  has  four  mdial  arms,    The  hub  of  the 
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wheel  bears  on  one  side  against  a  collar  on  the  steel  shaft,  as 
shown  to  the  right  in  fig.  212  ;  it  is  held  tightly  in  position  on  the 
other  side  by  a  steel  nut  which  screws  on  to  the  shaft.  The  core 
itself  consists  of  soft  iron  wire  rectangular  in  cross-section,  and  in- 
sulated with  cotton.  It  is  wound  round  the  foundation -ring  under 
high  tension,  the  core  thus  built  up  being  very  strong  and  rigid. 

We  have  referred  to  the  necessity  for  lamination  in  two  direc- 
tions ;  and  the  sniallne«?s  of  the  wire,  and  the  efficiency  of  its 
insulation,  practically  eliminate  eddy  currents,  while  the  thinness 
of  the  insulation  and  the  tightness  of  the  winding  reduce  the  waste 
of  space  to  the  lowest  possible  limit. 

The  armature  conductor,  which  is  a  copper  strip,  is  wound 
over  this  core  (embracing  also  the  rim  of  the  supporting  wheel)  in 
a  single  layer ;  the  strip  is  rectangular  in  section,  its  dimensions 
being  calculated  so  as  to  just  occupy  the  allotted  space  round  the 
circumference,  and  thus  the  distance  between  the  pole-faces  and 
the  core  is  made  a  minimum.  By  the  device  of  cross- connecting, 
the  current  is  collected  from  a  single  pair  of  brushes,  placed  90° 
apart.  The  method  of  connecting  diametrically  opposite  pairs  of 
coils  in  parallel  is  unique.  On  the  shaft  between  the  armature 
and  commutator  is  fixed  a  wooden  sleeve,  over  which  a  number  of 
flat  copper  rings  are  slipped.  These  rings  are  carefully  insulated, 
and  each  has  two  lugs  projecting  at  opposite  extremities  of  a 
diameter  ;  a  radial  saw  cut  is  made  in  each  lug,  just  large  enough 
for  a  copper  conductor  strip  to  be  pressed  in  and  soldered.  The 
rings  are  so  arranged  that  their  lugs  form  a  spiral  round  the 
shaft,  and  those  connecting  strips  which  lead  from  diametrically 
opposite  coils  of  the  armature  to  the  commutator  are  soldered  to 
the  lugs  of  the  same  ring.  In  this  way  diametrically  opposite  bars 
of  the  commutator  are  joined  together  j  one  such  connection  is 
shown  at  the  ring  nearest  the  commutator  in  fig.  212. 

The  circular  cast  iron  end  frames  forming  the  yokes  to  the 
field-magnets  are  in  two  halves  bolted  together,  the  lower  half 
being  also  bolted  to  the  bed-plate,  as  shown  in  the  illustrations. 
These  yoke-pieces  are  very  massive,  and,  as  the  surfaces  of  contact 
between  them  and  the  wrought-iron  cores  are  large  and  close- 
fitting,  the  magnetic  resistance  is  low  and  a  large  proportion  of 
th^  lines  of  force  is  led  into  the  armature. 
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The  whole  armature  conductor  offers  but  little  resistance,  and 
as,  by  the  cross-connecting,  this  is  reduced  to  one-sixteenth  of 
the  resistance  which  would  be  offered  were  all  the  coils  joined  in 
series,  but  little  power  is  absorbed  in  the  armature,  and  the 
machine,  which  is  shunt- wound,  is  self- regulating  through  a 
considerable  range. 

The  commutator  consists  of  eighty  copper  bars,  with  mica 
insulation,  fixed,  as  shown  in  the  drawing,  by  a  gun-metal  nut  and 
washer,  over  a  gun  metal  sleeve. 

In  smaller  machines,  circular  copper  wire,  instead  of  rect- 
angular strip,  is  employed  for  the  conductor,  and  the  magnetic 
resistance  of  the  core  is  even  further  reduced  by  covering  the  iron 
wire  with  silk  instead  of  cotton,  the  former  occupying  much  less 
space  than  the  latter. 

Multipolar  machines  with  drum  armatures  are  now  being 
somewhat  extensively  employed  for  large  sizes,  more  especially  in 
cases  where  the  maximum  current  developed  by  the  machine  is 
very  heavy.  If  a  simple  two  pole  field-magnet  be  employed,  con- 
siderable difficulty  arises  with  very  heavy  armature  currents  on 
account  of  the  serious  reactions  on  the  field  proper,  the  magni- 
tude of  these  reactions  being  approximately  proportional  to  the 
number  of  active  conductors  on  the  armature  and  to  the  strength 
of  the  current  flowing  therein.  Among  other  things,  the  great 
distortion  of  the  field  at  maximum  load  involves  a  considerable 
lead  being  given  to  the  brushes,  and  a  comparatively  slight  varia- 
tion in  the  armature  current  necessitates  a  readjustment  of  the 
brushes  to  prevent  sparking.  The  difficulty  can,  of  course,  be 
overcome,  even  with  a  simple  field,  but  it  is  found  to  be  less 
expensive  for  machines  above  a  certain  size  to  employ  a  field 
magnet  with  four  or  more  poles,  the  magnitude  of  the  reactions 
which  have  to  be  dealt  with  being  approximately  inversely  pro- 
portional to  the  number  of  field-magnet  poles  when  the  armature 
conditions  remain  constant. 

Fig.  214  illustrates  the  arrangement  of  the  field-magnets  and 
armature  of  such  a  four-pole  machine.  The  field-magnet  coils 
are  usually  wound  on  the  straight  limbs  which  project  inwards 
from  the  outer  framework,  and  each  pole-face  covers  somewhat 
less  than  a  quarter  of  the  armature  surface,  without  overlapping 
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or  embracing  the  sides  of  the  armature,  as  in  the  case  of  the  two 
multipolar  machines  just  described.  The  poles  are  alternately 
north  and  south,  and  the  general  direction  of  the  lines  of  force  is 
indicated  in  the  diagram.  It  is  evident  that  the  armature  con- 
ductors at  opposite  extremities  of  a  diameter,  which  are  passing 
under  similar  poles,  must  have  induced  in  them  a  current  in  the 
same  direction  :  for  example,  if  the  direction  of  rotation  were 
right-handed,  two  conductors,  pass-ing  respectively  under  s,  and 
s^,  would  have  induced  in  them  currents  flowing  upwards  through 
the  paper.     If,  therefore,  an  armature  section  were  wound  in  the 

ordinary  way — that  is 
^"  ■  '^^^'  to  say,  if  two  diametri- 

cally opposite  conduc- 
tors formed  one  section 
of  the  armature  and 
were  joined  to  two  ad- 
jacent commutator  bars 
— no  current  would  be 
obtained,  the  e.m.f. 
induced  in  one  conduc- 
tor neutralising  that 
in  the  other,  and  this 
neutralisation  w^ould 
occur  at  every  part  of 
the  field. 

We  may,  in  fact, 
select  any  one  active 
conductor  at  any  stage 
(except  that  in  which  commutation  occurs),  and  we  shall  find 
that  the  conductor  diametrically  opposite  it  has  a  current  induced 
in  it  in  the  same  direction— that  is  to  say,  in  any  pair  of  diametri- 
cally opposite  conductors  the  currents  will  flow  either  towards  or 
away  from  the  commutator  end  of  the  armature.  Now  these  pairs 
of  conductors  may  be  so  connected  that  they  feed  the  external 
circuit  either  in  series  or  in  parallel ;  the  former  arrangement  is 
adopted  when  the  electro-motive  force  is  required  to  be  compara- 
tively high  with  a  correspondingly  low  current  strength,  and  the  latter 
vrhen  a  heavy  current  with  correspondingly  low  e,m.f.  is  de§ired. 


Digitized 


by  Google 


CHAP.  X.  Multipolar  Drum  Machines  427 

If  the  series  connection  is  adopted  two  sets  of  brushes  only 
are  required,  set  at  an  angle  of  90°  apart,  the  current  having  two 
paths  open  to  it  through  the  armature  from  brush  to  brush,  as  in 
an  ordinary  drum  armature.  The  minimum  number  of  active 
conductors  joined  in  series  thus  becomes  four  per  section,  the 
current  through  any  one  section  passing,  say,  from  front  to  back 
along  the  first  active  conductor,  returning  by  one  situated  90° 
further  on,  then  passing  from  front  to  back  by  a  conductor  yet 
90°  further  ahead,  and  finally  returning  by  one  still  further  round 
by  90°. 

When  the  parallel  arrangement  is  followed  the  minimum 
number  of  active  conductors  per  section  is  two,  situated  90°  apart, 
and,  unless  a  method  of  cross  connection  similar  to  that  described 
for  the  Mordey  &  Battersea  flat  ring  armatures  be  adopted,  four 
sets  of  brushes  are  necessary,  these  sets  being  90°  apart,  and  the 
diametrically  opposite  pairs  positive  and  negative  respectively. 
In  most  cases,  as  the  current  to  be  collected  is  heavy,  the  four 
sets  of  brushes  are  employed,  opposite  sets  being  directly  joined 
together  externally. 

In  fig.  214  A  and  b  represent  two  active  conductors  placed  90° 
apart,  and  in  the  case  of  an  armature  with  parallel  connections  these 
two  conductors  would  be  joined  together  by  a  cross-connector  at 
the  back,  while  their  ends  in  front  would  be  joined  to  adjacent  bars 
on  the  commutator.  It  will  be  seen  that  the  coil  or  section  of 
which  they  form  the  essential  part  embraces  practically  the  whole  of 
the  lines  of  force  entering  or  leaving  any  one  field-magnet  pole  while 
they  are  in  a  position  similar  to  that  shown  in  the  figure.  These 
conductors  are  most  active  when  (allowing  for  a  slight  distortion 
of  the  field)  they  have  each  just  passed  the  middle  point  of  their 
respective  pole-pieces,  and  least  active  when  90°  from  this  point ; 
so  that  the  commutation  takes  place  in  this  latter  position,  which 
is  that  indicated  in  the  figure.  In  fact,  it  may  be  taken  as  a 
general  rule  for  any  type  of  machine  that  the  reversal  of  current 
in,  and  therefore  the  commutation  of,  any  one  armature  section 
always  occurs  at  the  moment  when  that  section  is  embracing  the 
maximum  number  of  lines  of  force. 

Ring  armatures  are  sometimes  employed  with  field-magnets  of 
this  type,  but  the  conditions  are  similar  to  those  obtaining  with 
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the  Mordey  and  Battersea  flat  disc  armatures,  except  that,  since  the 
lines  of  force  enter  at  the  outer  surface  of  the  armature  only,  and 
not  at  the  sides,  the  core  need  only  be  laminated  in  one  direction. 
Some  important  multipolar  machines  with  drum  armatures 
have  been  designed  by  Mr.   Kapp,  and  constructed  by   Messrs. 

Fic.   215. 


Johnson  and  Phillips  for  Central  Station  work.  One  of  these 
machines  with  six  poles  is  illustrated  in  fig.  215.  The  field-magnet 
cores  and  yoke  are  of  cast-iron,  the  outer  frame  forming  the  yoke, 
and  the  cylindrical  inwardly  projecting  portions  constituting  the 
cores  upon  which  the  field-coils  are  wound.     The  faces  of  the 
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cores  are  provided  with  rectangular  extensions,  as  shown,  to  cover  a 
larger  portion  of  the  armature  surface.  The  cores  and  yoke  are  in 
two  castings  bolted  together,  and  the  upper  portion,  with  its  three 
coils,  can  readily  be  removed  for  the  inspection  or  replacement  of 
the  armature  by  simply  removing  the  four  bolts  on  either  side  and 
disconnecting  the  coil  connections.  The  core  of  the  armature  is 
24  inches  in  diameter  and  1 2  inches  in  length  ;  and  the  thickness 
of  the  core  (that  is  to  say,  the  distance  from  the  inner  to  the  outer 
circumference  of  the  core-plates)  is  3  inches  only.  The  mass  of 
iron  thus  afforded  for  the  core  might  at  first  sight  appear  to  be 
small  for  such  a  large  machine,  but  it  must  be  remembered  that 
in  a  multipolar  dynamo  the  lines  of  force  do  not  all  enter  at  one 
point  and  leave  at  another,  but  all  those  entering  from  any  one 
pole  leave  the  core  at  the  two  adjacent  poles,  which  are  of  opposite 
polarity.  It  would  be  a  somewhat  expensive  matter  to  construct 
such    a    core    of    discs,    each  „        . 

'  Fig.  216. 

stamped  or  cut  out  of  one  sheet 
of  iron,  and  the  cores  are  built 
up  with  sheet-iron  segments, 
each  with  two  holes  on  the 
inner  side,  which  are  threaded 
over  iron  bolts.  Two  adjacent 
segments  butt  end  to  end  as  shown  in  fig.  216,  while  the  middle 
of  a  segment  in  the  next  row  comes  opposite  the  joint.  The  large 
space  inside  the  core  allows  unusually  good  facilities  for  the  ven- 
tilation of  the  armature. 

The  six  poles  are  alternately  north  and  south,  and  conse- 
quently any  three  active  conductors  on  the  armature  separated  by 
a  space  equal  to  120®  will,  at  any  moment,  be  undergoing  precisely 
the  same  inductive  action.  If  the  parallel  system  of  winding  be 
adopted,  as  is  the  case  with  the  machine  under  notice,  there  will 
thus  be  six  paths  open  to  the  current,  and  six  sets  of  brushes  are 
here  employed.  The  rocker  is  a  compound  one,  the  two  parts 
being  insulated  from  each  other,  but  connected  respectively  to  the 
positive  and  negative  terminals  of  the  machine.  One  part  of  this 
compound  rocker  carries  the  three  positive  sets  of  brushes,  which 
are  placed  120°  apart,  and  the  other  part  carries  the  three  negative 
sets,  which  are  placed  alternately  with  the  former  sets. 
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The  ends  of  the  active  conductors  are  connected  by  cross- 
connectors  similar  to  those  employed  in  the  two-pole  Kapp 
machine  previously  described,  but  in  this  case  the  connectors 
extend  only  60°  round  the  end  of  the  drum  instead  of  180°,  as 
does  that  illustrated  in  fig.  192. 

There  are  224  active  conductors  round  the  aniiature,  the 
armature  resistance  being  but  '0015  ohm,  and  all  the  field- 
magnet  coils  are  joined  in  series  with  each  other,  forming  a  shunt 
to  the  external  circuit.  When  driven  at  450  revolutions  per 
minute  the  potential  difference  at  the  brushes  is  50  volts,  the 
maximum  current  being  1,000  amperes.  If  the  armature  of  this 
machine  were  series-wound,  in  the  manner  indicated  above,  with 
two  sets  of  brushes,  three  times  as  many  active  conductors  would 
be  placed  in  series,  giving  a  potential  difference  of  1 50  volts,  the 
maximum  current  then  being  330  amperes. 

In  concluding  this  chapter,  we  may  with  advantage  make  a 
few  further  remarks  concerning  the  losses  which  reduce  the  effi- 
ciency of  a  dynamo.  Omitting  the  power  absorbed  in  overcoming 
the  conductor  resistance,  which  can  easily  be  calculated,  the  losses 
may  be  classified  under  three  general  heads  :  {a)  mechanical 
friction ;  (b)  eddies  in  conductor ;  (c)  losses  in  armature  core. 
The  friction  occurs  principally  at  the  bearings — for  the  commutator 
brushes  should  exert  only  just  sufficient  pressure  to  insure  reliable 
contact — and  the  loss  due  to  this  cause  increases  regularly  with 
the  speed  at  which  the  machine  is  driven.  In  order  to  make  the 
friction  at  the  bearings  as  low  as  possible,  care  should  be  taken 
that  the  armature  is  perfectly  balanced  magnetically  as  well  as 
mechanically,  while  the  bearings  themselves  should  be  well 
designed  and  well  made.  A  good  lubricant  should  be  employed, 
and  should  the  accidental  entrance  of  grit  or  dirt  or  any  other 
cause  give  rise  to  undue  heating,  the  bearings  should  be  carefully 
cleaned  at  the  first  opportunity,  and,  if  necessary,  scraped. 

When  the  conductor  is  massive,  as  in  the  case  of  a  bar  armature, 
the  eddy  currents  in  it  may  be  sufficiently  important  to  absorb  a 
considerable  amount  of  power,  and,  as  we  have  seen,  such  conductors 
are  frequently  laminated,  or  sometimes  braided  wire  is  employed, 
to  prevent  the  circulation  of  the  currents.  The  laminated  arma- 
ture bar  most  frequently  employed  is  that  made  by  Messrs.  W.  T. 
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Glover  &  Co.,  and  shown  in  fig.  217.  It  consists  of  a  number  of 
bare  copper  wires  twisted  together  and  then  compressed  into 
rectangular  bars.  As  the  electro-motive  force  tending  to  set  up 
the  eddy  currents  is  exceedingly  feeble,  very  slight  insulation 
suffices  ;  the  thin  film  of  oxide  with  which  copper  becomes  coated 
upon  exposure  to  the  air  is  sufficient,  provided  the  pressure  applied 
in  compressing  the  wires  has  not  been  great  enough  for  the  wires 
to  break  through  this  film  and  make  metallic  contact ;  but,  as  a 
further  precaution,  the  wdres  are  usually  coated  with  oil.  To 
facilitate  connection  between  the  ends  of  the  bar  and  the  cross- 
connectors  and  the  connection  from  the  commutator  segments,  a 
solid  end  is  sweated  on  to  each  extremity  of  the  stranded  bar. 

Lamination  of  the  iron  core,  if  properly  performed,  also 
reduces  to  a  minimum  the  eddies  in  the  iron  ;  but  there  is 
another  source  of  loss  which  arises  when  lines  of  force  passing 

Fig.  2x7. 


through  iron  are  rapidly  reversed  or  altered  in  direction,  due  to 
the  phenomenon  known  as  hysteresis.  This  loss  appears  to  be  the 
result  of  a  kind  of  internal  friction  between  the  molecules  of  the 
iron  when  they  change  their  position,  as  we  believe  they  do, 
under  the  influence  of  the  magnetising  force.  At  any  rate,  it  is 
not  possible  to  project  lines  of  force  through  iron,  or  alter  their 
position,  without  a  small  amount  of  work  being  performed  inde- 
pendently of  that  resulting  in  eddies. 

This  question  has  already  been  referred  to  at  the  end  of 
Chapter  VII.,  and  it  will  be  remembered  that  the  energy  lost  by 
hysteresis  per  cubic  centimetre  of  iron  depends  upon  the  value  of 
the  maximum  induction  B  and  also  upon  the  coercive  force  of  the 
iron  employed.  Thus,  for  one  particular  specimen  of  iron,  when 
B=  18,000,  Dr.  Hopkinson  estimated  that  13,000  ergs  were 
expended  in  twice  completely  reversing  the  magnetisation,  or  in 
performing  the  complete  cycle  of  operations  as  indicated  by  the 


Digitized 


by  Google 


432  Electrical  Engineering  chap.  x. 

curve  in  fig.  122.  If  iron  of  this  description  were  employed  for 
an  armature  core  having  a  mass  of,  say,  1,000  cubic  centimetres, 
and  if  the  18,000  x  1,000  lines  of  force  were  twice  reversed,  say 
50  times  per  second,  the  energy  lost  by  hysteresis  per  second 
would  be  13,000  X  1,000  x  50  =  650,000,000  ergs.  Since  a  loss 
of  10,000,000  ergs  per  second  is  equivalent  to  one  watt,  this  would 

represent  a  loss  of  ^°  =  65  watts. 
10 

As,  however,  any  vibration  to  which  the  iron  may  be  subjected 
assists  in  the  changing  in  position  of  the  particles  under  the 
influence  of  the  magnetising  force,  and  as  the  armature  of  a 
dynamo  machine  when  running  experiences  considerable  vibra- 
tion, the  losses  due  to  hysteresis  are  in  practice  somewhat  less 
than  those  calculated  from  experiments  made  with  the  specimen 
free  from  vibration.  The  reduction  in  the  hysteresis  effect  by 
vibration  is,  however,  less  when  the  induction  is  high,  as  in  the 
case  of  an  armature  core,  and  in  any  case  the  small  advantage 
accruing  from  this  vibration  does  not  in  any  way  diminish  the 
importance  of  selecting  iron  of  low  coercive  force. 

It  is  a  most  important  matter  to  separate,  if  possible,  the 
various  sources  of  loss  in  any  dynamo,  in  order  to  ascertain  what 
parts  of  the  machine,  if  any,  need  altering  in  design.  This 
separation  has  been  effected  practically  by  Mr.  W.  M.  Mordey,  who 
plotted  his  results  in  the  curves  shown  in  fig.  218.  The  machine 
experimented  with  was  a  direct-current  Victoria  dynamo,  with  an 
output  of  18,000  watts,  the  speed  being  varied  up  to  1,200  revolu- 
tions per  minute.  The  armature  core  consisted  of  iron  strip, 
o'oi2  inch  thick,  with  thin  paper  insulation,  the  cross-section  of 
the  iron  in  the  core  being  12  square  inches,  and  the  magnetic 
induction  through  it  12,300  c.c.s.  lines  per  square  centimetre. 

The  dynamo  had  four  poles,  and,  therefore,  the  lines  of  force 
through  the  core  were  twice  reversed,  or  carried  through  a  complete 
cycle,  twice  in  every  revolution. 

The  machine  was  first  driven  with  the  field-magnets  discon- 
nected, the  iron  having  been  deprived  of  its  magnetism  by  a  rapidly 
alternating  current ;  and  the  power  then  absorbed,  measured  by  a 
transmission  dynamometer,  gave,  at  various  speeds,  the  value  of 
the  power  spent  in  overcoming  the  mechanical  friction.     Since 
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the  iron  in  the  magnet  cores  always  retains  some  magnetism,  a 
small  amount  of  power  would  be  absorbed  in  the  production  of 
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weak  eddy  currents,  were  this  residual  magnetism  not  carefully 
eliminated. 

In  fig.  2i8,  o  M,  representing  the  friction  loss,  is  plqtted  below 
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the  base  line,  so  that  the  relation  between  the  other  curves  can  be 
more  clearly  seen. 

In  order  to  obtain  the  total  losses  in  the  iron  core,  the  field 
was  then  separately  excited  to  its  normal  strength  by  means  of  a 
secondary  battery,  and  the  armature  core,  without  the  copper 
conductor,  driven  at  various  speeds,  the  power  absorbed  in  dri\'ing 
being  measured  as  before. 

This  power  is  the  sum  of  that  absorbed  by  friction,  eddies  in 
the  core,  and  hysteresis  ;  and  by  subtracting  the  friction  the  two 
latter  quantities  remain,  and  are  plotted  at  o  n  in  the  figure. 

On  winding  the  armature  and  repeating  the  experiments,  the 
curve  o  n'  was  obtained,  and  the  difference  between  the  ordinates 
o  n'  and  o  n  represents  the  loss  due  to  eddies  in  the  copper 
conductor. 

But  the  important  problem  is  to  find  a  means  of  separating 
the  hysteresis  and  eddy  current  losses  in  the  core;  this  was 
accomplished,  and  the  line  o  p  represents  the  loss  due  to  the 
former. 

The  method  of  separation  is  simple,  and  depends  on  the  fact 
that  while  the  loss  due  to  the  eddies  varies,  with  a  given  number 
of  lines  of  force,  as  the  square  of  the  speed,  the  loss  from  hysteresis 
is  proportional  to  the  speed  simply. 

Therefore,  if  two  speeds  are  taken,  such  that  one  is  double 
the  other — for  instance,  450  and  900  (see  the  figure) — the  height 
of  the  hysteresis  ordinate,  from  o  m'  to  o  p,  at  the  higher  speed, 
will  be  twice  the  height  of  the  ordinate  at  the  lower  speed  ;  while 
the  height  of  the  eddy-current  ordinate  from  o  p  to  on  will  he 
four  times  as  great  at  the  higher  as  at  the  lower  speed. 

After  a  few  trials,  the  two  points  between  o  m'  and  o  n  which 
satisfy  these  conditions  can  be  found  ;  and  the  Hne  o  p,  drawn 
through  these  points,  separates  the  loss  caused  by  hysteresis  from 
that  due  to  eddy  currents. 

The  curves  o  n,  o  n'  show  the  actual  loss  experimentally 
observed,  but  a  dotted  branch  line  is  added  to  each,  which  indi- 
cates the  curve  which  would  be  obtained  if  the  rate  of  loss  of 
power  had  been  maintained  with  the  increase  of  speed  up  to  1,200 
revolutions.  It  will  be  observed  that  the  actual  loss  agrees  with 
the  calculated  loss  until  a  s[)eed  of  900  is  reached,  from  which 
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point,  for  some  reason  not  clearly  understood,  it  falls  below  the 
calculated  value. 

The  vertical  sides  of  the  squares  represent  0*25  of  a  horse- 
|>ower,  while  the  horizontal  sides  represent  100  revolutions  per 
minute,  or  3*3  complete  magnetic  cycles  per  second ;  and  it  will 
be  observed  that  although  the  lamination  of  the  core  has  been 
carried  to  a  high  degree,  yet  the  loss  due  to  eddies  is  considerable, 
and  cannot  by  any  means  be  ignored.  One  object  of  these 
experiments  was  to  demonstrate  that,  however  well  laminated, 
the  iron  cores  in  the  armature  of  an  alternating-current  dynamo 
are  the  seat  of  a  considerable  amount  of  loss,  and  this  has  un- 
doubtedly been  proved  to  be  the  case.  The  departure  from  the 
calculated  rate  of  loss  at  the  higher  speeds,  as  evidenced  by  the 
bending  down  of  the  curves,  prevents,  however,  the  method  being 
directly  applied  to  alternating  machines,  where  the  reversals  are 
considerably  more  rapid  than  when  the  disturbing  causes  begin  to 
manifest  themselves.  The  method  is,  however,  apparently  reliable 
in  the  case  of  direct  current  machines  running  at  a  moderate  speed, 
and  it  possesses  the  all  important  advantage  that  the  tests  are 
made  under  conditions  similar  to  those  which  obtain  in  practice. 
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CHAPTER  XI 

DIRECT   CURRENT   DYNAMOS   (OPEN   COIL) 

In  the  armatures  of  the  direct- current  machines  hitherto  described, 
all  the  coils  are  connected  together,  and  the  junction  of  each  ad- 
jacent pair  is  joined  to  a  bar  of  the  commutator.  But  there  is 
another  method  of  constructing  an  armature,  in  which  the  coils 
are  kept  quite  separate,  each  coil  having  in  the  simplest  form  a 
separate  two-part  commutator.  The  former  are  known  as  *  closed- 
coil,*  and  the  latter  as  *  open-coil*  armatures.  Machines  for 
developing  very  high  electro-motive  force  are  usually  built  with 
open-coil  armatures,  an  e.m.f.  of  2,000  volts  being  not  un- 
common ;  and  such  machines  are  frequently  used  for  electric 
lighting  in  cases  where  the  type  of  the  lamps  and  their  disposition 
are  such  as  to  require  the  transmission  of  a  current  of  moderate 
strength  through  a  comparatively  high  resistance.  In  a  closed- 
coil  armature  the  e.m.f.  generated  by  every  coil  in  any  and  every 
position,  excepting  at  the  moment  when  it  is  short-circuited  by  the 
brush,  forms  a  part  of  the  total  e.m.f.  of  the  machine  and  does 
its  share  towards  urging  the  required  current  through  the  external 
circuit.  On  the  contrary,  in  an  open-coil  armature  the  current  is 
collected  from  a  coil  while  it  is  in  or  near  the  position  of  greatest 
activity  only,  or  while  the  e.m.f.  induced  in  it  is  at  or  near  its 
maximum,  the  coil  being  thrown  out  of  circuit  during  the  tune 
that  it  passes  through  the  period  of  least  activity.  At  the  beginning 
of  this  latter  period  another  coil  enters  the  best  position,  and  com- 
mences to  feed  the  circuit.  The  coils  may  be  wound  either  on 
the  ring  or  drum  principle,  and  in  the  former  case  the  two  coils  at 
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opposite  extremities  of  a  diameter  are  usually  joined  together  in 
series  and  may  be  treated  as  one  coil. 

Many  of  the  elementary  principles  examined  in  connection 
with  the  machines  already  described,  hold  equally  well  for  those 
with  open-coil  armatures,  and  while  it  is  unnecessary  to  again 
enter  into  a  lengthy  discussion  of  these  matters,  we  may  say,  briefly, 
that  the  field  will  be  distorted  in  the  same  manner,  and  that 
the  position  of  maximum  activity  for  any  coil  will  be  that  in  which 
its  plane  is  parallel  to  the  lines  of  force  of  this  resultant  field.  To 
minimise  the  distortion,  and  to  obtain  a  high  rm.f.  for  a  given 
speed  of  rotation,  the  field-magnets  must  in  this  case  also  develop 
as  strong  a  field  as  possible. 

The  high  e.m.f.  developed  requires,  however,  even  greater 
precautions  as  regards  insulation  than  are  taken  with  ordinary 
closed-coil  machines,  and  this  point  must  be  carefully  kept  in  view- 
in  designing  and  selecting  the  materials  for  the  insulation  both 
of  the  armature  and  of  the  field-magnet  coils.  In  closed-coil 
machines  the  maximum  electro- motive  force  developed  is  as  a  rule 
comparatively  low ;  and  the  potential  difference  between  adjacent 
coils  and  commutator  bars  being  only  a  fraction  of  the  total 
potential  difference  at  the  brushes,  the  difficulties  in  the  way  of 
efficient  insulation,  even  in  exceptional  cases  when  the  machine  is 
designed  to  produce  a  comparatively  high  electro-motive  force, 
are  not  so  great  as  might  appear  at  first  sight.  But  while  in  a 
closed- coil  machine  the  number  of  active  conductors  joined  in 
series  is  never  more  than  half  the  total  number,  in  an  open-coil 
machine  the  proportion  is  not  only  greater,  being  usually  about 
two-thirds,  but  consists  of  those  in  the  most  active  positions ;  and 
further  the  total  number  of  convolutions  in  the  armature  is  much 
greater ;  so  that  open-coil  machines  are  more  suited  to  the  deve- 
lopment of  high  electro-motive  forces.  It  is  evident,  however, 
that  if  the  coils  are  cut  out  of  circuit  while  they  are  fairly  *  active,* 
there  must  be  some  means  of  dealing  with  the  inevitable  spark- 
ing ;  it  must  either  be  minimised  by  some  arrangement  of  the 
commutator,  or  its  destructive  action  prevented. 

The  fundamental  principle  of  all  open-coil  dynamos  is  illus- 
trated in  fig.  219.  Two  pairs  of  coils  are  shown,  wound  round  an 
iron  ring,  at  right  angles  to  each  other.     The  commutator  has 
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four  parts,  or,  strictly  speaking,  there  are  two  two-part  commu- 
tators, and  each  of  these  two-part  commutators  is  connected  to  the 
ends  of  its  particular  pair  of  coils.  Two  flat  springs,  B|  and  Bj, 
act  the  part  of  brushes.  In  considering  the  action  of  the  machine 
we  will,  in  order  to  simplify  matters,  assume  that  the  field  is  undis- 
torted.  Since  we  desire  to  take  the  current  from  the  coils  while 
they  are  at  their  maximum  activity,  the  brushes  must  be  placed 
along  a  diameter  parallel  to  the  lines  of  force,  a  position  exactly 
opposite  to  that  of  the  brushes  on  a  closed  coil  machine.  The 
two  horizontal  coils  by  this  arrangement  deliver  their  current  to 
the  external  circuit  while  the  vertical  ones,  being  comparatively 
idle,  are  entirely  disconnected.     The  activity  of  the  horizontal  pair 


decreases  as  they  move  from  this  position,  and  when  the  armature 
has  revolved  through  another  45°  they  are  thrown  out  and  the 
other  coils  begin  to  feed  the  circuit.  Each  pair  is  thus  alternately 
joined  up  to  and  disconnected  from  the  brushes  for  a  period  equal 
to  a  quarter  of  a  revolution  ;  and  an  ammeter  placed  in  the  external 
circuit  would  indicate  a  current,  always  flowing  in  one  direction, 
but  fluctuating  considerably  in  strength  Greater  steadiness  — that 
is  to  say,  a  nearer  approach  to  constancy  -  can  be  obtained  by 
increasing  the  number  of  coils,  although  it  is  not  possible  to  get 
a  current  so  nearly  constant  as  that  which  a  good  closed-coil 
dynamo  can  generate.  In  fig.  220  the  number  of  coils  is  increased 
to  eight,  that  is,  four  pairs.     The  two  coils  at  opposite  extremities 
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of  a  diameter,  Aj  Aj,  for  instance,  are  joined  together  to  form  a 
pair  as  before  ;  but  to  avoid  a  complicated  diagram  this  connec- 
tion is  not  shown,  and  the  distortion  of  the  field  is  again  ignored. 
Each  pair  has  its  two-part  commutator,  the  segments  of  which  are 
(including  the  insulating  space  between  the  adjacent  segments) 
one-eighth  of  the  circumference  of  a  circle,  or  45°  in  length,  and 
therefore  each  pair  of  coils  is  connected  to  the  brushes  for  one- 
eighth  of  a  revolution  only.  If  the  strength  of  the  field,  the 
number  of  convolutions  per  coil,  and  the  speed  of  rotation  were 
the  same  as  in  the  case  just  considered,  the  maximum  electro- 
motive force  developed  would  be  the  same  ;  but  as  the  minimum 


does  not  now  fall  so  low  during  the  time  that  the  coils  are  connected 
to  the  brushes,  the  result  is  a  more  uniform  current  in  the  external 
circuit 

It  will  probably  occur  to  the  student  that  the  coils  d,  Dj  and 
Bi  B2,  although  far  less  active  than  Aj  Aj,  are  yet  in  a  position 
where  they  can  generate  a  considerable  e.m.f.  and  that  they  might 
with  advantage  be  allowed  to  assist.  But  they  must  not  be  joined 
up  in  parallel  with  a,  a^,  since  their  e.m.f.  is  so  much  less.  Were 
they  to  be  so  joined  up  we  should  get  a  result  similar  to  that 
obtained  when  a  Grove  cell  and  a  Daniell  cell  are  connected  in 
parallel,  in  which  case  the  Grove  cell  would  urge  a  backward 
current  through  the  Daniell  because  it  has  a  higher  em.f.,  and 
the  external  circuit  would  therefore  get  actually  less  current  than 
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Fig.  221. 


if  the  latter  cell  were  removed  altogether.  But  if  the  two  are 
joined  up  in  series  then  the  external  circuit  gets  the  whole  current 
resulting  from  the  sum  of  their  two  e.m.f.'s.  In  the  same  way,  if 
the  effect  of  the  coils  in  positions  of  less  activity  is  to  be  utilised, 
they  must  be  joined  up  in  series  and  not  in  parallel  with  .those 

developing  the  higher  e.m.f. 
We  will  explain  how  such  an 
arrangement  is  effected  in  one 
of  the  best  known  open-coil 
machines,  viz.  the  *  Brush '  dy- 
namo. Now  in  the  case  of  a 
set  of  four  pairs  of  coils  rotating 
in  a  uniform  field,  as  in  fig.  220, 
it  is  clear  that  at  one  time, 
only  one  pair  of  coils  can 
be  in  the  best,  and  only  one 
pair  in  the  worst,  position  for  generating  a  current.  On  the 
other  hand,  it  is  possible  for  two  pairs  to  be  equally  active  in 
an  intermediate  position,  and  this  will  happen  when  they  make 
an  angle  of  45°  with  the  lines  of  force,  that  is,  in  the  position 

occupied  by  Bj  B2,  and  d,  Dj. 
In  the  Brush  dynamo,  when 
the  armature  thus  consists  of 
eight  coils  in  four  pairs,  two 
pairs  of  brushes  are  employed, 
one  collecting  the  current  from 
the  pair  of  coils  in  the  best 
position  only,  a^  Aj,  while  the 
other  joins  up  the  two  pairs  of 
coils  which  are  at  the  moment 
in  the  intermediate  position, 
Bi  Bj,  Di  D2,  in  parallel,  and 
collects  the  current  from  them.  The  two  pairs  of  brushes  are 
joined  in  series,  and  thus  the  e.m.f.  of  the  intermediate  pairs  of 
coils  is  added  to  that  of  the  pair  of  coils  in  the  best  position, 
only  one  pair,  as  c,  Cj,  being  thrown  idle  at  a  time.  As  the 
intermediate  coils  are  placed  in  parallel  their  resulting  e.m.f. 
is    the   same    as   that    of    one   of   them,    the   resistance  being, 


Fig.  222. 
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however,  halved.  In  order  to  make  this  quite  clear  we  may 
represent  a  pair  of  coils  as  we  do  a  primary  cell,  and  then 
show  the  arrangement,  as  in  fig.  221,  where  a  represents  the 
most  active,  and  c  the  least  active  pair  of  coils,  b  and  d  being 
those  in  the  intermediate  stage.  When  the  armature  has  turned 
through  another  45°,  the  d  coils  are  idle,  the  d  are  at  the 
maximum  activity,  and  the  a  and  c  in  parallel,  as  shown  in 
fig.  222. 

The  commutator,  by  means  of  which  these  changes  are  effected, 
is  illustrated  in x  fig.  223.     It  is  divided  into  two  portions,  each 
complete  in  itself,  and  consisting  of  four  thick  T-shaped  pieces  of 
brass  sepaiated  from  the  shaft  by  rings  of  insulating  material,  e  g  ; 
the  T-shaped  sections  being  insulated  from  each  other  by  air- 
spaces.  The  brushes,  ^^^  ^^ 
p  Q  R  s,  are  formed 
of  flat  copper  strips, 
and,  as  shown  by  the 
dotted  lines,  are  suf- 
ficiently wide  to  cover 
the    whole   width    of 
the  commutator  rings. 
The  ends   of  a   pair 
of  coils  are  joined  to 
diametrically  opposite 
segments  or  sections 

as  indicated  in  the  figure,  the  lettering  in  this  illustration  correspond- 
ing to  that  in  fig.  220.  One  of  the  commutator  rings  is  fixed  on 
the  shaft  45°  in  advance  of  the  other,  the  consequence  of  which  is 
that  when,  on  one  ring,  each  of  the  brushes  is  resting  on  one  sec- 
tion only,  as  at  a,  then  each  brush  on  the  other  ring  is  in  contact 
with  two  sections,  as  at  b,  d.  The  student  will  perceive  that  in  the 
case  illustrated  the  sections  of  the  left-hand  commutator  ring  have 
joined  to  them  the  two  pairs  of  coils  which  are  for  the  moment  in 
the  intermediate  position,  and  therefore  require  to  be  placed  in 
parallel ;  while  the  right-hand  ring  has  joined  to  it  the  pair  (a) 
which  is  in  the  best  position  and  also  the  pair  which,  being 
inactive,  is  entirely  disconnected  from  the  brushes  and  the  external 
circuit. 
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In  fig.  224  the  two  double  commutators  are  developed  or 
spread  out,  side  by  side,  to  make  the  matter  clearer,  the  lettering 
of  the  coils  being  the  same  as  in  fig.  220.  The  path  of  the 
current  is  easily  traced.  It  passes  round  the  pair  of  coils,  Ai  a.^, 
the  brushes  p  and  q  (by  which  it  enters  and  leaves)  each  resting 

Fic.  224. 


on  one  section  only,  because  those  coils  are  in  the  best  position. 
The  current  then  passes  direct  to  the  brush  r  (on  the  left-hand 
part  of  the  commutator),  which,  resting  on  two  sections,  affords  a 
path  through  \\^  B2  and  Dg  d.,  in  parallel.  The  brush  s,  by  which 
it  finally  leaves,  is  connected  to  one  end  of  the  field-magnet 
coils,  F  M  j  the  coils  Ci  C2  are  disconnected.     Such  is  the  action 
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which  takes  place 
in  a  Brush  dynamo 
having  four  pairs 
of  coils  in  its  arma- 
ture. 

The  actual  ma- 
chine is  depicted  in 
figs.  225  and  226, 
the  latter  of  which 
is  an  end  elevation 
from  the  commu- 
tator end.  The 
cores  of  the  field- 
magnets  are  almost 
oblong  in  section, 
and  are  securely 
bolted  to  cast-iron 
uprights  which  form 
the  yokes.  These 
two  horizontal 

horse  -  shoe  field  - 
magnets  are  placed 
with  their  similar 
poles  opposite  each 
other,  and  project  a 
powerful  field  round 
the  armature,  half 
of  the  lines  of  force 
passing  through  the 
core  above,  and 
the  other  half  be- 
low the  shaft,  some- 
what similarly  to 
the  case  of  a  two- 
pole  closed-coil  ma- 
chine with  a  ring 
armature.  There  is 
an  unusually  large 
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quantity  of  iron   in    the  armature  core,  and  careful  lamination 
is  needed  to  reduce  the  loss  of  energy  due  to  eddy  currents. 

The   method  of  building  up   this  core  is  illustrated   in    fig. 
227.     A  thin  soft  iron  ribbon  is  wound  in  a  continuous  spiral 

round  an  iron  foundation 
ring  A.     Between  the  suc- 
cessive    convolutions     of 
the  ribbon,  and  held  by 
them   as   the   process  of 
construction  is  carried  out, 
are  placed  H-shaped  iron 
stampings,  s,  of  the  same 
thickness   as  the  ribbon. 
The  connecting  portion  of 
these  stampings  lies  wholly 
within   the   turns   of   the 
ribbon,    the    ends    then 
projecting    and    forming 
spaces,   as    at    b,    within 
which  the  coils  are  wound. 
The  stampings  are  all  of 
one  size,  so  that  adjacent 
sets    in    the    inner    por- 
tion    of     the     ring     are 
nearer  to  each  other  than  in  the  outer  portion,  while  the  sides  of 
the  channels  in  which  the  wire  is  wound  are  parallel.     The  whole 
is  rigidly  fixed  together  by  means  of  insulated  bolts,  b^  passed 
radially  through  the  h -pieces,  the  spiral  ribbon,  and  the  founda- 
tion ring,  a',  as  shown  in  the  sectional  view.     The  stampings  and 
ribbon  are,  however,  proportionally  much  thinner  than  they  are 
shown  in  the  figure,  and  consequently  the  number  of  turns  is 
much  more  numerous.     The  loss  occasioned  by  eddy  currents  is 
thus  reduced  to  a  fairly  low  value. 

The  armature  coils  are  insulated  from  the  core  by  sheets  of 
canvas  and  paper,  treated  freely  with  shellac  varnish,  the  layers  of 
wire  being  insulated  by  cotton-cloth.  The  ends  of  each  pair  cf 
coils  are  carried  along  the  shaft  to  their  proper  sections  of  the 
commutator. 
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The  field -magnet  coils  are  also  carefully  insulated  from  their 
cores  by  vulcanised  fibre  and  varnished  paper,  the  different  layers 
being  separated,  as  in  the  case  of  the  armature,  by  cotton-cloth. 
These  coils  are  joined  up  in  series  with  each  other  and  with 
the  armature,  and  as  the  current  generated  by  the  machine 
fluctuates  more  or  less,  there  is  a  tendency  for  eddy  currents 
to  be  induced  in  their  unlaminated  cores.  This  tendency  is  over- 
come by  the  simple  device  of  interposing  between  the  coils 
and  the  iron  a  tube  of  thin  sheet  copper,  in  which  the  currents 
are  induced  instead  of  in  the  iron.  These  induced  currents  by 
their  reaction   upon   the  field-magnet  coils  tend  to   reduce  the 

Fig.  227. 


fluctuations  of  the  primary  current,  and  the  high  self-induction  of 
the  field-magnets  and  armature  also  tends  to  prevent  any  sudden 
variation  of  current  strength,  so  that  the  resulting  current  is  always 
more  regular  than  might  be  expected  from  a  consideration  of  the 
manner  in  which  it  is  collected. 

The  pole-pieces  are  extended  so  as  to  embrace  an  unusually 
large  portion  of  the  armature,  and  the  opposite  pole-pieces  being 
similarly  magnetised,  the  lines  of  force  are  not  projected  axially 
through  the  armature,  but  entering  the  core  on  both  sides,  by  the 
projections  formed  by  the  h- pieces,  they  tend  to  pass  circumferen- 
tially  round  a  portion  of  the  core  and  leave  it  at  another  set  of 
H-pieces,  near  the  other  poles.     The  lines  of  force  are  in  this  way 
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urged  through  and  cut  by  the  coils  as  they  rotate.  The  maximum 
induction  in  the  armature  core  is  considerably  greater  and  that 
in  the  field-magnet  cores  somewhat  less  than  obtains  in  ordinary 
low-pressure  closed-coil  dynamos. 

The  diameter  of  greatest  activity  is  approximately  in  a  line 
with  the  upper  horn  of  the  right-hand  pole-piece,  and  the  lower  horn 
of  the  left-hand  pole-piece  (fig.  226),  as  will  be  gathered  from  the 
position  of  the  brushes,  the  direction  of  rotation  being  left-handed 
as  viewed  from  the  commutator  end.  As  the  machine  is  regulated 
to  give  a  constant  current,  the  reaction  of  the  armature  on  the 
field,  and  therefore  also  the  lead  of  the  brushes,  varies  only  slightly 
under  ordinary  changes  in  the  load.  The  current  taken  from  the 
armature  has  practically  the  same  value  under  all  circumstances  ; 
but,  as  will  be  seen  presently,  the  regulation  is  effected  by  shunting 
part  of  the  current  from  the  field-magnet  coils  when  a  lower 
electro-motive  force  is  required,  and  consequently  as  the  field 
varies  somewhat  in  strength  as  the  load  changes,  the  re-action  of 
the  armature  on  the  field  is  not  absolutely  constant.  The  small 
amount  of  adjustment  of  the  brushes  thus  necessitated  is  usually 
effected  by  hand,  but  occasionally  it  is  performed  automatically, 
the  rocker  carrying  the  brushes  being  shifted  into  the  correct 
position  by  an  electro- magnet. 

When  the  brushes  are  in  the  correct  position  it  is  not  possible 
to  altogether  avoid  sparking,  and  for  this  reason  the  commutator 
wears  out  much  more  quickly  than  does  that  of  a  closed  coil 
machine.  It  is,  however,  so  constructed  that  any  one  or  more 
of  the  segments  can  be  readily,  and  at  a  comparatively  small 
expense,  replaced,  and  the  sparking  is  thus  rendered  a  not  ver)' 
serious  matter. 

The  machine  illustrated  is  designed  to  supply  55  arc-lamps 
in  series,  with  a  current  of  to  amperes,  the  speed  being  800 
revolutions  per  minute  and  the  maximum  e.m.f.  about  2,750 
volts.  The  figures  are  both  drawn  to  scale,  the  principal  dimen- 
sions being :  length  of  bed-plate  7  ft.  10  in.,  width  2  ft.  5  in., 
height  of  highest  point  3  ft.  i^  in.,  outside  diameter  of  armature 
2  ft.  9  in.  The  diameter  of  the  shaft  is  2|  in.,  its  centre  being 
I  ft.  9I  in.  above  the  floor  line. 

Although  most  Brush  dynamos  are  employed  on  arc-lighting 
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circuits  where  a  current  of  10  amperes  is  required,  a  different 
current  strength  is  sometimes  desired,  and  a  machine  such  as  that 
under  consideration  can,  without  much  trouble,  be  altered  to  give  a 
current  of  20  amperes  with  half  the  electro-motive  force  developed 
when  10  amperes  are  being  obtained.  To  effect  this  change  it  is 
necessary  in  the  first  place  to  connect  every  diametrically  opposite 
pair  of  coils  in  parallel  instead  of  in  series,  and  secondly  to  join' 
the  four  field-magnet  coils  in  two  sets  of  two  in  parallel  instead  of 
all  four  being  in  series.  It  will  be  observed  that  after  this  change 
has  been  made,  every  armature  coil  and  every  field-magnet  coil 
carries  a  current  of  10  amperes  as  before ;  the  strength  of  the 
field  remains  unaltered,  but  the  number  of  armature  convolutions 
joined  in  series  is  halved,  and  therefore  the  resulting  electro-motive 
force  is  also  halved. 

The  brush-holders  are  connected  to  terminals  on  the  bed-plate 
by  means  of  flexible  copper  strips,  and,  as  shown  in  fig.  226,  each 
pair  is  carried  by  a  rocker  which  can  be  turned  round  the  shaft, 
its  range  being,  however,  limited  by  the  length  of  the  slot  in  the 
semicircular  collar  directly  under  the  shaft.  The  left-hand  end  of 
the  rocker  is  furnished  with  a  small  projection  riding  over  a  curved 
guiding-fork,  the  position  on  the  fork  being  fixed  by  means  of  a 
set  screw. 

Although  this  machine  is  capable  of  driving  as  many  as  55  arc- 
lamps  joined  in  series  as  its  maximum  load,  the  number  of  lamps 
actually  switched  in  circuit  may  vary  considerably  from  time  to 
time  ;  but  the  act  of  switching  out  a  lamp  by  short-circuiting  it, 
reduces  the  external  resistance,  and  the  machine  being  series 
wound,  the  current  strength  is  then  proportionally  increased.  It 
is  nevertheless  essential  that  under  all  conditions  the  same  current 
strength — viz.  10  amperes— should  be  maintained  :  hence  some 
regulating  device  becomes  necessary.  The  regulator  devised  for 
this  purpose  by  Mr.  Brush  is  illustrated  in  fig.  228.  It  consists 
of  four  vertical  columns  of  thin  retort-carbon  plates  separated 
by  vertical  slate  partitions.  These  columns  are  joined  in  series 
between  the  two  terminal  screws  at  the  top,  connection  being 
made  between  the  two  inner  columns  at  the  top,  and  between 
the  outer  pairs  of  columns  at  the  bottom,  by  means  of  carbon 
slabs.      Wires  are  led  from  the  two  top  terminals  to  the  ends 
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of  the  field-magnet  coils,  across  which   these   carbon    columns 

form  a  shunt,  whose  resistance  can  be  varied  by  altering   the 

Fig.  228.  pressure  upon  the 

plates.  This  pres- 
sure is  automa- 
tically increased 
when  the  current 
rises  above  its 
normal  value,  and 
the  resistance  of 
the  shunt  being 
thus  reduced,  a 
larger  proportion 
of  the  current  is 
abstracted  from 
the  field-magnets, 
and  the  strength 
of  the  field  and 
current  kept  at 
their  proper  value. 
The  method  of 
accomplishing  this 
is  illustrated  in  the 
figure. 

The  two  sole- 
noids are  joined 
up  in  the  main 
circuit  by  wires 
connected  to  the 
terminals  shown 
at  the  bottom  of 
the  case.  Pro- 
jecting partly  into 
the  coils  are  two 
soft  iron  cores, 
rigidly  fixed  to  a 
common  yoke-piece,  the  centre  of  which  carries  a  brass  rod 
attached  at  its  lower  extremity  to  one  end  of  a  horizontal  lever, 
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whose  fulcrum  is  a  knife-edge  at  its  extreme  left  end.  When  by 
the  switching  out  of  lamps,  or  from  any  other  cause,  the  main 
current  passing  through  the  solenoids  increases,  the  cores  are 
sucked  upwards  with  greater  force,  and  the  block  on  which  the 
four  columns  rest  is  raised  through  a  short  distance  by  the  lever, 
thus  compressing  the  carbon  plates  and  reducing  the  shunt  resist- 
ance, with  the  result  that  the  current  in  the  field-magnets  is 
proportionally  reduced.  On  the  other  hand,  should  the  mam 
current  fall  below  10  amperes  the  soft  iron  cores  drop  slightly, 
allowing  the  horizontal  lever  to  fall  also,  with  the  result  that  the 
pressure  on  the  carbon  plates  is  reduced,  and  the  shunt  resist- 
ance increased  ;  a  stronger  current  then  flows  through  the  field- 
magnet  coils,  and  the  field  becomes  suflficiently  powerful  to 
develop  an  e.m.f.,  which  can  generate  a  current  of  10  amperes 
through  the  total  resistance  in  circuit.  A  dash-pot  is  attached 
to  the  free  end  of  the  lever  to  prevent  sudden  or  jerky  move- 
ments, the  normal  adjustment  being  obtained  by  means  of  a 
spiral  spring  and  a  few  small  weights  slipped  over  a  vertical 
pin. 

Several  modifications  of  this  regulator  are  in  use,  but  they  all 
act  similarly  in  shunting  current  from  the  field-magnet  coils  to 
such  an  extent  that  the  field  becomes  of  the  requisite  strength  to 
enable  an  e.m.f.  to  be  generated  which  shall  be  competent  to 
give  a  current  of  the  standard  strength  through  the  total  resistance 
of  the  circuit  at  the  moment.  In  one  form  greater  sensitiveness 
is  obtained  by  employing  a  relay  to  control  the  electro- magnet 
which  actuates  the  compressing  lever,  and  a  thin  wire  resistance 
is  added  to  shunt  the  carbon  columns  in  order  to  prevent  the  arc 
which  would  form  when  they  break  contact  with  the  blocks  at  the 
top  of  the  column,  which  sometimes  happens  when  the  machine 
is  fully  loaded  and  no  current  is  required  to  be  shunted  from  the 
field-magnet  coils. 

In  another  type  two  carbon  plates  are  hung  vertically  from  a 
lever,  their  lower  ends  dipping  into  water.  The  lever  is  raised  and 
lowered  by  an  electro- magnet  controlled  by  a  relay ;  the  carbon 
plates  rise  and  fall  with  the  lever,  and  are  thus  immersed  to  a  less 
or  greater  extent.  Each  carbon  plate  is  connected  to  one  end  of 
the  field-magnet  coils,  and  when  the  plates  fall  they  present  a 
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greater  surface  to  the  liquid,  and  the  shunt  resistance  is  thus 
reduced,  and  vice  versa. 

As  might  be  expected,  the  efficiency  of  the  Brush  machine, 
and  indeed  that  of  any  open  coil  dynamo,  does  not  compare 
favourably  with  that  of  a  good  low-pressure  closed  coil  dynamo. 
The  commercial  efficiency  of  modern  Brush  machines,  that  is  to 
say,  the  ratio  of  the  electrical  power  available  for  use  in  the  external 
circuit  to  the  power  applied  mechanically,  may  be  taken  at  from 
60  to  70  per  cent  In  order  to  effect  any  great  improvement  on 
these  figures  it  would  probably  be  necessary  to  so  alter  the  design 
of  the  machine  that  its  distinct  peculiarities  which  render  it  so  well 
fitted  for  its  particular  work  would  be  lost,  and  this  loss  would  not 
be  compensated  for  by  the  gain  in  efficiency.  At  present  the 
machine  will  stand  far  more  rough  usage,  and  far  greater  stresses 
due  to  sudden  changes  in  the  load,  than  will  an  ordinary  highly 
efficient  closed  coil  dynamo  (in  fact,  no  machine  of  the  latter  class 
could  use  up  so  much  energy  internally  and  survive) ;  its  high 
self-induction  is  more  beneficial  than  baneful,  and  with  its  regula- 
tor a  current  constant  ehough  for  all  practical  purposes  may  be 
relied  upon.  Further,  if  the  efficiencies  of  the  two  types  be 
compared  by  taking  the  power  actually  given  to  two  machines 
(one  closed  coil  and  one  open  coil),  and  dividing  by  the  number 
of  lamps  maintained  in  either  case,  the  difference  will  be  found  to 
be  comparatively  small,  especially  if  some  of  the  lamps  are  at  a 
distance  from  the  machines,  because  in  the  case  of  arc-lamps 
driven  in  parallel  from  a  low-pressure  dynamo,  various  other 
sources  of  loss  are  introduced.  This  question  will  be  again 
referred  to  after  arc-lamps  have  been  discussed. 

The  only  other  form  of  open-coil  dynamo  in  general  use  is  the 
Thomson- Houston,  of  which  a  view  is  shown  in  fig.  229.  It  is  a 
machine  by  itself,  having  many  peculiar  features,  altogether  dif- 
ferent from  those  of  any  other  with  which  we  have  dealt.  There 
are  two  field-magnets  placed  horizontally,  with  their  opposite 
poles  facing  each  other.  There  is  comparatively  little  iron  in  the 
cores,  each  of  which  consists  of  a  cast-iron  tube  flanged  at  both 
ends,  and  provided  at  the  armature  end  with  a  spherical  cavity  to 
form  the  pole- piece.  The  shape  of  the  armature  itself  is  that  of  a 
slightly  flattened  sphere,  somewhat  like  an  orange,  and  it  revolves 
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between  and  partly  within  the  cup-shaped  pole-pieces.  The  wire 
on  each  field-magnet  core  is  wound  in  the  space  between  the 
flanges,  the  outer  flanges  of  the  two  cores  being  deeper  than  the 
inner  ones,  and  affording,  thereby,  means  for  a  number  of  wrought- 
iron  bars  to  be  bolted  through  them.  These  bolts  add  materially 
to  the  mechanical  strength  of  the  machine,  protect  the  coils  from 

Fig.  229. 


injury,  and  form  the  yoke  of  the  field-magnets.  The  machine, 
which,  on  account  of  the  small  quantity  of  iron  employed  in  its 
construction,  has  but  little  weight,  is  supported  by  comparatively 
light  but  strong  standards,  which  are  bolted  to  lateral  projections 
from  the  flanges  of  the  field-magnet  cores.  These  standards  also 
carr}'  the  armature  bearings. 

G  r,  2 
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The  manner  in  which  the  armature  core  is  built  up  is  also 
interesting.  Upon  the  shaft  are  keyed  two  stout  cast-iron  discs, 
each  provided  on  its  inner  face  and  near  its  periphery  with  an 
annular  groove.  About  a  dozen  wrought-iron  ribs  are  sprung  into 
the  pair  of  grooves,  so  as  to  bridge  the  space  between  the  discs 

and    form    a    circular 
^'^'  ''^°'  framework,  round  which 

a  number  of  layers  of 
Varnished  soft  iron  wire 
is  wound.  This  forms 
the  complete  core,  into 
which,  however,  a  num- 
ber of  wooden  pegs  are 
fixed,  to  guide  the  wind- 
ing of  the  coils  and  to 
hold  the  wire  in  posi- 
tion. Before  the  coils  are 
wound  on,  the  core  is 
insulated  by  layers  of 
-.-^  paper  fastened  by  means 

of  gum-lac. 
The  armature  consists  of  only  three  coils,  and  fig.  230  illus- 
trates, in  the  simplest  manner,  the  way  in  which  they  are  wound. 
The  inner  ends  of  the  three  coils  are  soldered  together,  as  at  d, 
and  the  junction  carefully  insulated.  Starting  from  this  junction, 
each  coil  is  wound  over  the  core,  with  an  angle  of  120°  between 
the  middle  portions  of  the  coils,  the  three  free  ends  being  joined, 
one  to  each  segment,  a,  b,  or  c,  of  the  three-part  commutator. 

A  view  of  the  completed  armature  is  shown  in  fig.  231,  and  it 
will  be  observed  that  the  overlapping  of  the  coils  near  the  shaft 
causes  the  form  to  become  almost  spherical.  The  junction  of  the 
three  coil -wires  is  shown  at  d,  the  free  ends,  i,  2,  3,  being  brought 
out,  on  the  other  side  of  the  armature.  The  coils,  when  finished 
are  bound  round  at  four  places  with  binding  wires,  a  a. 

It  is  essential  that  every  armature  should  be  truly  balanced, 
not  only  mechanically,  but  also  electrically— that  is  to  say,  all  the 
coils  should  be  of  the  same  area  and  equidistant  from  the  core 
and  pole-pieces,  so  that  the  inductive  effect  on  each  is  precisely 
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the  same,  and  they  should  be  all  of  the  same  length  and  of  the 
same  resistance.  It  is  evident,  therefore,  that  it  would  be  inex- 
pedient to  wind  the  three  coils  in  this  spherical  armature  com- 
pletely one  over  the  other.  But  the  length  and  the  average 
distance    from     the 

Fig.  231. 

core  of  all  the  coils 
is  made  equal  by  a 
very  simple  method 
of  winding.  Starting 
at  the  junction  d, 
half  of  one  coil  is 
wound  ;  then,  120° 
further  round  the 
core,  half  of  the  se- 
cond coil  is  wound ; 
yet  another  120°, 
and  the  whole  of  the 
third  coil  is  wound. 
The  second  half  of 
the  second  coil  is 
then  wound  over  its 

first  portion,  and,  finally,  the  remainder  of  the  first  coil  is  wound 
over  the  corresponding  first  portion. 

When  the  armature  is  rotated,  currents,  alternating  in  direction, 
are  induced  in  each  of  the  coils  ;  the  reversal,  as  usual,  taking 
place  in  each  case  when  the  plane  of  the  coil  is  at  right  angles  to 
the  lines  in  the  resultant  field.  The  reaction  of  the  armature,  of 
course,  distorts  the  field  somewhat,  and  shifts  it  round  through  a 
certain  angle  in  the  direction  of  rotation,  as  shown  by  the  dotted 
line  X  V  in  the  lower  part  of  fig.  232.  In  this  figure,  each  radial 
line,  A,  B,  c,  represents  one  of  the  armature  coils,  the  three  coils 
being  united  at  the  centre  and  each  one  joined  to  its  respective 
commutator  segment.  The  current  is  collected  along  the  diameter 
of  maximum  activity,  x  v,  by  two  pairs  of  brushes,  </,  ^,  and/  g^ 
each  pair  being  electrically  connected.  The  two  brushes  forming 
a  pair  are  normally  so  placed  that  one  presses  on  the  commutator  at 
a  distance  equal  to  60°  in  front  of  the  other.  The  consequence  of 
this  arrangement  is  that  the  most  active  coil  is  joined  up  in  series 
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with  the  remaining  two  less  active  coils,  which  are  joined  together 
in  parallel.  In  the  case  shown  in  fig.  232,  the  coil  a  is  approaching 
the  best  position  ;  while  b  and  c  are  in  the  intermediate  stage,  and 
are  therefore  joined  up  in  parallel.  The  resulting  e.m.f.  is,  con- 
sequently, that  due  to  the  mean  e.m.f.  of  b  and  c,  added  to  the 
separate  e.m.f.  of  a.  As  the  armature  rotates,  b  approaches  the 
best  position,  and  its  commutator  segment  alone  is  then  in  contact 
with  the  brushes  dy  <?,  while  c  and  a,  which  are  brought  to  the  inter- 
mediate positions,  are  joined  in  parallel.  These  changes  are  con- 
tinually repeated  as  the  coils  pass  through  the  different  portions  of 
the  field. 

As  in  the  case  of  the  Brush  dynamo,  this  machine  being  series 
wound  and  used  on  a  circuit  of  high  resistance  for  driving  a  Lirge 

Fig.  2J2. 


number  of  arc-lamps  joined  in  series,  the  switching  out  of  any 
of  the  lamps  tends  to  cause  an  increase  in  the  current  strength, 
while,  conversely,  the  switching  in  of  lamps  causes  a  diminution. 
Hence,  in  order  to  keep  the  current  at  a  nearly  constant  strength, 
some  regulating  device  is  necessary.  The  method  adopted  con- 
sists in  simply  altering  the  position  on  the  commutator  of  the  two 
brushes  forming  each  pair.  It  will  be  observed,  from  the  com- 
mutator in  fig.  232,  that,  the  brushes  being  60°  apart,  no  coil  is 
thrown  out  of  circuit  at  any  part  of  the  revolution,  and  this  is  what 
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we  may  call  the  normal  state  of  affairs.  When,  however,  the 
current  falls  in  strength,  each  pair  of  brushes  is  closed  up  auto- 
matically, so  that  all  the  coils  are,  in  turn,  disconnected  for  a 
moment  when  they  are  passing  the  neutral  position,  and  when  they 
are,  therefore,  nearly  idle.  The  e.m.f.  of  the  two  coils  in  parallel 
is  the  mean  of  their  individual  e.m.f.'s,  and  is,  obviously,  lowered 
by  a  comparatively  idle  coil,  so  that,  at  the  moment  when  the  idle 
coil  is  thrown  out,  the  e.m.f.  resulting  from  the  other  of  the  two 
coils  in  question  is  greater  than  it  would  be  were  they  both  in 
parallel.  If  this  closing  up  of  the  brushes  were  to  take  place, 
then,  when  the  armature  is  in  the  position  shown  in  the  figure,  the 
comparatively  inactive  coil  b  would  be  disconnected,  and  a  and  c 
joined  to  the  external  circuit  in  series.  The  maximum  e.m.f. 
would  be  developed  when  each  pair  of  brushes  is  so  closed  up  as 
to  form  practically  one  brush,  in  which  case  the  least  active  coil 
would  be  always  out  of  circuit  and  the  other  two  joined  up  in 
series.  From  this  point  any  opening  of  the  brushes  puts  two 
of  the  coils  in  parallel  for  a  greater  or  less  interval  of  time, 
and  reduces  the  resulting  e.m.f.  ;  therefore  when  the  current 
becomes  abnormally  strong,  the  brushes  are  opened  until  the 
E.M.F.,  and,  consequently  also,  the  current,  are  reduced  to  the 
normal  value.  The  motion  given  to  the  brush-holders  by  the 
regulator  is  such  that  the  following  brush  of  each  pair  travels  three 
times  as  fast  as  the  leading  brush. 

The  brushes  d^  e^  f,  gj  are  mounted  on  a  double  lever, 
having  a  scissors-like  movement  about  a  common  centre.  The 
end  of  the  lever  carrying  the  brushes  d  and  /  is  connected  by 
the  bar  h  to  the  armature  k,  under  the  electro- magnet  m.  This 
armature  is  hinged  at  l,  and  when  the  current  ir^  the  main  circuit 
becomes  excessive,  k  is  attracted,  d  and  /  are  drawn  back  over 
the  commutator,  while  e  and  g  are  pushed  forward  by  a  simple 
combination  of  levers  not  shown  in  the  figure.  The  electro- 
magnet M  and  the  double  solenoid  p  are  both  in  the  main  circuit 
with  the  field-magnets  f  f  and  the  lamps  g  ;  but  normally  m 
is  short-circuited  by  wires  whose  circuit  may  be  broken  at  xy^ 
The  contact  x  is  attached  to  the  yoke  of  the  two  cores  of  the 
solenoids,  and  the  first  effect  of  an  increase  in  the  current  is  to 
raise  the  cores,  break  the  contact  at  xy^  and  so  cause  the  whole 
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of  the  current  to  pass  through  m,  which  then  attracts  k  and 
opens  the  brushes.  A  high-resistance  carbon  shunt  is  inserted 
at  s  to  minimise  the  spark  at  xy.  It  will  be  noticed  that  the 
end  of  the  core  of  m  is  shaped  somewhat  peculiarly  and  fits  into 
a  corresponding  cavity  in  the  armature ;  this  shape  is  calculated 
to  diminish  the  force  of  attraction  uniformly  as  the  armature 
recedes  from  the  core.  The  regulating  apparatus  is  shown  in 
position  in  fig.  229.  The  small  cylinder  to  the  right  of  the 
electro -magnet  is  a  dash-pot  for  steadying  the  movements  of  the 
lever. 

There  is  one  other  device  pertaining  to  the  Thomson-Houston 
machine  to  which  a  reference  is  necessary,  and  which  is  employed 
to  suppress  the  excessive  sparkmg  caused  by  cutting  out  the  coils 
when  fairly  active,  and  which  would  otherwise  speedily  destroy 
the  commutator.  The  segments  are  separated  by  air-spaces, 
and  just  in  front  of  each  leading  brush  is  placed  a  nozzle  which 
delivers  a  strong  blast  of  air  at  the  moment  that  the  brush  breaks 
contact,  and  so  prevents  the  passage  of  the  spark.  The  automatic 
*  blower '  by  which  these  timely  puffs  are  delivered  is  shown  in 
section  in  fig.  233.  A  circular  steel  hub,  h,  is  keyed  on  to  the 
shaft,  X,  and  revolves  left-handedly  in  an  elliptical  chamber  in 
the  fixed  box  t  t.  Air  enters  this  chamber  through  the  apertures 
at  //",  which  are  protected  by  wire  gauze  coverings.  The  hub  h 
is  provided  with  three  radial  slots,  in  and  out  of  which  the 
rectangular  ebonite  slips  can  slide  freely.  As  the  shaft  rotates 
these  slips  fly  outwards  l)y  centrifugal  force,  and,  pressing  con- 
tinually against  the  walls  of  the  chamber,  force  the  air  in  front 
of  them,  and  out  at  the  holes  a  a.  To  each  of  these  holes  is  con- 
nected one  of  the  two  nozzles  above  referred  to.  The  chamber  is 
fixed  to  the  framework  of  the  machine  in  the  necessary  position  for 
the  maximum  force  of  the  blast  to  take  place  at  the  right  moment, 
o  is  a  vessel  from  which  oil  passes  into  the  elliptical  chamber 
through  the  aperture  /'. 

The  machine  illustrated  is  designed  to  supply  a  current  of 
about  9^  amperes  to  34  arc-lamps  in  series.  The  armature  is 
2  feet  in  diameter,  over  all,  and  the  resistance  of  the  field-magnets 
and  of  the  armature  is  in  each  case  10^  ohms. 

In  addition  to  the  dynamos  which  have  been  described  in 
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this  and  the  preceding  chapters,  there  are  many  others  to  which 
the  scope  of  this  work  has  not  permitted  us  to  refer,  although 
some  of  them  are  well  worthy  of  study.  We  believe,  however, 
that  quite  enough  has  been  said  to  give  the  student  a  good 
insight  into  the  science  of  dynamo-building  as  it  is  now  practised. 
Where  we  have  given  sectional  views  or  working  drawings,  they 
have  for  the  most  part  been  specially  prepared  for  this  work,  and 
we  have  selected  for  such  illustration  those  machines  which  we 

Fit..  2:ii. 


consider  are  best  suited  to  show  the  manner  in  which  theoretical 
principles  are  practically  applied. 

A  comparison  of  these  chapters  with  works  of  a  similar  character 
published  a  few  years  previously  will  show  that  the  modern  trend 
in  dynamo  design  is  towards  simplification  and  uniformity  of 
detail.  As  an  example  of  the  latter,  we  may  cite  the  construction 
of  commutators,  in  which  the  materials  now  employed  are  nearly 
always  exactly  alike,  while  in  the  manner  of  building  up  the  parts 
so  as  to  prevent  the  sections  flying  out,  there  is  very  little  real 
difference  to  be  found.     This  similarity  is  what  might,  perhaps, 
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have  been  anticipated ;  for,  if  the  vast  number  of  experiments  which 
have  been  performed  by  the  various  manufacturers  to  determine 
which  is  the  best  appliance  to  perform  a  given  kind  of  work,  have 
been  equally  exhaustive  and  accurate,  an  almost  identical  result 
should  have  been  arrived  at.  Thus,  no  metal  has  been  found 
superior  to  hard-drawn  copper  for  the  bars  of  a  commutator, 
while  for  the  extremely  difficult  task  of  satisfactorily  insulating 
these  bars  in  the  case  of  a  closed- coil  commutator,  nothing  has 
been  discovered  which  approaches  mica ;  indeed,  were  this  mineral 
not  available,  it  is  probable  that  some  alteration  would  have  had 
to  be  effected  in  the  general  design. 

Great  things  were  at  one  time  expected  of  asbestos  for 
insulating  purposes,  but  it  proved  to  be  a  good  absorbent  of  oil 
and  was  charred  by  the  sparking,  while  the  adhesion  of  metallic 
particles  abraded  from  the  bars  and  brushes,  soon  developed  a 
greater  or  less  amount  of  short-circuiting  with  its  concomitant 
evils.  A  somewhat  similar  result  attended  the  use  of  simple  air- 
spaces for  insulating  the  bars,  for  the  metallic  dust  or  scrapings 
accumulated  sooner  or  later  at  the  bottom  of  the  spaces,  which, 
being  numerous,  were  necessarily  narrow.  Occasionally  a  special 
form  is  given  to  a  commutator  ;  for  instance,  that  of  the  small 
exciter  shown  in  fig.  136  is  built  against  the  end  of  the  armature, 
the  individual  bars  being  disposed  radially.  The  object  here  is  to 
reduce  the  length  of  the  machine.  A  special  commutator  is  also 
employed  with  the  machine  illustrated  in  fig.  237,  the  object  of 
which  is  explained  in  the  description. 

Again,  the  lamination  of  the  core  of  an  ordinary  ring  or  of  a 
drum  armature  is  a  matter  upon  which  little  doubt  now  exists,  for 
it  is  as  certain  as  it  well  can  be  that  the  magnetic  resistance  should 
be  kept  as  low  as  practical)le,  a  result  only  to  be  arrived  at  by 
retaining  metallic  continuity  in  the  direction  of  the  lines  of  force  ; 
on  the  other  hand,  the  lamination  must  be  carried  far  enough  to 
sufficiently  reduce  the  eddy  currents,  while  every  effort  is  made  to 
make  the  quantity  of  iron  as  great  as  possible  by  using  extremely  thin 
insulation.  Nothing  better,  therefore,  can  be  devised  than  a  core 
of  thin  iron  plates  of  high  permeability,  separated  by  the  thinnest 
possible  layer  of  insulating  material,  the  only  doubtful  point  being 
the  thickness  of  the  plates.    The  thinner  the  plates  are  made  the 
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more  is  the  loss  of  power  by  eddy  currents  reduced,  but  the  pro- 
portion of  space  occupied  by  insulation  and  the  expense  of  con- 
struction are  correspondingly  increased.  While  it  is  not  possible 
to  state  definitely  what  the  exact  thickness  of  the  core  plates 
should  be  for  any  given  case,  it  can  be  safely  said  that  it  is 
economical  to  reduce  the  hysteresis  loss  as  far  as  possible,  by 
adopting  the  only  known  course  of  experimentally  selecting  for  the 
core  plates,  iron  of  low  coercive  force. 

With  regard  to  closed-coil  armatures,  it  is  probable  that  the 
ring  form  will  in  the  future  be  even  less  frequently  employed  than 
it  is  now,  the  drum  type  having  been  proved  to  possess  so  many 
important  advantages.  On  account  of  the  ease  with  which 
efficient  ventilation  can  be  secured,  the  ring  armature  will  pro- 
bably survive  for  small  machines.  The  drum  armature  with  a 
simple  field  seems  best  adapted  for  machines  of  moderate  size  ; 
while  for  machines  of  large  output  with  heavy  armature  currents, 
the  drum  armature  with  a  multipolar  field  (four  or  bix  poles)  is 
increasing  in  favour,  partly  on  account  of  the  fact  that  the 
difficulties  due  to  the  reaction  of  the  armature  on  the  field  are 
less  formidable  than  with  a  simple  field.  The  multipolar  machines 
with  fiat-disc  armatures  are  dropping  out  of  use,  as  it  is  found 
that  the  advantages  which  they  afford  cannot  be  fully  developed 
without  comparatively  expensive  construction.  Thus,  again,  we 
see  that  the  result  of  experience  is  to  reduce  the  number  of  types 
to  one  or  two  distinctive  ones,  whereas  a  few  years  ago  almost 
every  individual  machine  might  be  said  to  be  of  a  class  peculiar  to 
itself. 

Indeed,  the  principal  difference  now  apparent  in  the  con- 
struction of  dynamos  is  in  the  form  and  arrangement  of  the  field- 
magnets,  and  this  matter  is,  for  machines  of  a  given  output,  now 
almost  entirely  determined  by  the  relative  expense  in  construction. 
Every  designer  attains  the  desired  end  by  adopting  the  form  and 
material  which,  with,  the  tools  and  appliances  at  his  disposal,  he 
considers  will  be  the  least  expensive. 

In  special  cases  the  question  of  weight  may  be  all-important, 
demanding  the  use  of  wrought-iron  where  otherwise  cast-iron  or 
a  combination  of  wrought  and  cast  iron  would  be  the  more 
economical. 
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The  theoretical  form  of  field-magnet  core,  circular  in  section 
(so  as  to  require  the  minimum  amount  of  wire),  and  made  of  soft 
iron  without  molecular  discontinuity,  is  too  expensive  and  incon- 
venient to  be  rigidly  followed,  especially  in  large  machines.  Where 
the  part  of  the  core  actually  embraced  by  the  wire  is  cylindrical 
and  of  wrought-iron,  it  is  usually  fitted  with  cast-iron  pole-pieces 
and  yoke,  of  correspondingly  greater  sectional  area.  Mild  steel, 
which  can  now  be  obtained  with  a  permeability  almost  equal  to 
that  of  the  best  wrought-iron,  has  been  used  to  a  certain  extent. 
It  has  the  advantage  that  it  can  be  cast  to  any  desired  shape  as 
readily  as  cast-iron,  but  it  cannot  yet  compete  with  wrought-iron 
in  price  when  the  latter  material  is  used  to  the  best  advantage, 
that  is  to  say,  when  the  design  of  the  machine  is  such  as  to 
enable  the  desired  result  to  be  obtained  with  the  minimum 
quantity  of  iron  and  the  minimum  amount  of  machine  work 
on  it. 

The  position  of  the  armature  wiih  respect  to  the  yoke  of  the 
field-magnet  in  a  two-pole  machine  is  usually  determined  solely 
by  the  manner  in  which  the  machine  is  to  be  driven.  If  it  is  to 
be  driven  direct  by  a  high-speed  engine,  then  its  armature  spindle 
must  be  in  line  with  and  coupled  to  the  crank-shaft  of  the  engine  ; 
and  since  practically  all  high-speed  engines  arc  of  the  vertical 
type,  with  the  crank-sliaft  below  the  cylinders,  the  armature 
spindle  is  required  to  be  low  down,  and  then  the  machine  is  prefer- 
ably made  with  its  armature  below  the  field-magnet  coils  and  yoke. 
This  construction  admits  of  great  compactness  being  obtained, 
and  also  steadiness  in  running,  since  the  position  of  the  centre  of 
gravity  of  the  armature  is  low.  Should  the  field -magnets  be 
multipolar,  the  armature  shaft  can  be  brought  to  the  most  con- 
venient distance  from  the  floor  level  by  cutting  out  a  space  in  the 
engine-room  floor  to  take  the  lower  portion  of  the  field-magnets. 
When  the  machine  is  to  be  driven  by  a  belt  or  ropes,  most 
makers  prefer  to  adopt,  for  two-pole  machines,  the  design  in 
which  the  armature  is  placed  above  the  field-magnets.  The 
purpose  for  which  direct-current  dynamos  are  most  frequently 
designed  is  to  light  a  number  of  incandescent  lamps  joined  up  in 
parallel  circuit.  It  is  necessary  to  maintain  a  constant  potential 
difference  at  the  terminals  of  these  lamps,  say  of  no  volts,  and 
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consequently  the  machine  employed  should  be  shunt-wound,  with 
a  very  low  armature  resistance  ;  or,  if  the  number  of  lamps  is 
likely  to  be  subject  to  considerable  variation,  the  machine  may 
be  compound-wound.  For  the  important  work  of  'charging' 
secondary  batteries,  a  simple  shunt-wound  machine  is,  for  reasons 
explained  in  Chapter  XIV.,  the  most  suitable. 

Many  dynamos  are  now  employed  for  the  deposition  of  metals, 
electroplating,  &c.,  and  for  this  purpose  they  are  in  some  cases 
required  to  furnish  very  heavy  currents  at  an  exceptionally  low 
potential  difference.  They  are  frequently  series-wound,  and  it  is 
necessary  that  the  internal  resistance  should  be  extremely  low, 
otherwise  considerable  power  would  be  wasted  by  the  passage  of 
the  current,  which  sometimes  exceeds  1,000  amperes.  To  obtain 
this  low  resistance  a  drum  armature  may  be  constructed  with  very 
massive  bars  for  the  active  conductors,  the  field-magnei  coils  con- 
sisting of  a  few  convolutions  of  massive  copper  band.  An  electro- 
motive force  of  from  six  to  eight  volts  is  usually  ample,  and  this, 
notwithstanding  that  there  are  but  comparatively  few  active 
conductors  round  the  armature,  can  be  obtained  without  the 
necessity  for  driving  at  a  high  speed.  But  it  is  not  an  easy  matter 
to  secure  these  massive  bars,  and  consequently  many  machines 
are  made  with  a  number  of  fairly  thick  wires  joined  up  in  parallel 
to  form  one  conductor.  In  order  to  reduce  as  far  as  possible  the 
loss  of  energy  at  the  commutator  it  is  essential  that  the  brushes 
should  be  large,  and  the  amount  of  contact  surface  considerable. 
Machines  of  such  exceptionally  low  e.m.f.  are,  however,  falling 
into  disuse,  the  more  recent  practice  being  to  join  the  depositing 
tanks  in  series,  and  to  employ  a  machine  giving  a  correspondingly 
higher  e.m.f. 

A  large  machine,  somewhat  similar  in  appearance  to  that 
depicted  in  fig.  193,  has  been  constructed  for  electro-deposition 
work  ;  it  develops  the  comparatively  high  e.m.f.  of  50  volts,  and 
can  yield  1,000  amperes  at  a  speed  of  350  revolutions. 

Multipolar  machines,  as  has  already  been  indicated,  afford  a 
means  of  easily  securing  mechanical  strength  with  extremely  low 
resistance,  the  latter  advantage  resulting  from  the  fact  that  there 
are  four  or  more  paths  for  the  current  through  the  armature. 
Further,  if  a  method  of  internal  cross-connection  be  not  adopted, 
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a  large  number  of  brushes  may  readily  be  employed,  thus  obviating 
the  difficulties  sometimes  incurred  in  collecting  a  very  heavy 
current  from  a  commutator. 

For  supplying  current  to  a  number  of  pieces  of  apparatus 
joined  up  in  series,  whether  arc-lamps,  low-resistance  incandescent 
lamps,  or  motors,  it  is  necessary  to  maintain  a  constant  current 
under  all  conditions.  'The  two  open-coil  machines  described  in 
this  chapter,  and  the  dynamo  illustrated  in  fig.  205,  are  suitable 
for  this  class  of  work,  the  first- mentioned  being  the  most  exten- 
sively used  for  the  purpose. 
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CHAPTER  XII. 

MOTORS   AND   THEIR    APPLICATIONS 

We  must  now  give  some  attention  to  the  important  class  of 
dynamo -electric  machines  employed  for  the  purpose  of  converting, 
at  any  desired  point,  energy  supplied  to  the  machine,  in  the  form 
of  electricity,  into  energy  in  the  form  of  mechanical  motion. 

In  its  widest  sense  this  conversion  rests  upon  the  fact  that 
whenever  any  of  the  lines  of  force  forming  part  of  two  separately 
generated  magnetic  fields  traverse  a  common  space,  there  is  a 
decided  action  between  the  two  sets  of  lines,  the  tendency  being 
to  so  alter  their  paths  that  as  many  lines  as  possible  shall  coincide 
in  direction.  By  bearing  in  mind  this  simple  general  rule,  little 
difficulty  should  be  experienced  in  predicting  the  results  which 
will  follow,  even  in  complicated  cases.  This  mutual  action  takes 
place  independently  of  the  means  by  which  the  fields  are  de- 
veloped, whether  by  currents  in  two  wires  (straight  or  coiled,  with 
or  without  cores),  or  by  permanent  magnets  ;  or,  the  one  field  by 
a  current  in  a  wire  and  the  other  by  a  magnet.  In  the  effort  to 
make  the  coincidence  a  maximum,  both  fields  are  distorted  from 
the  configuration  which  they  would  independently  have  retained, 
and  this  configuration  is  again  assumed  immediately  they  are 
removed  from  each  other*s  influence.  Consequently,  when  the 
lines  of  force  pertaining  to  two  fields  approach  each  other,  their 
mutual  action  sets  up  a  stress,  the  effect  of  which  is  a  tendency  to 
impart  such  a  motion  to  the  material  substances  (whether  a  steel 
bar  or  a  conducting  wire)  employed  in  generating  the  fields,  as  to 
make  them  take  up  positions  in  which  the  lines  of  force  due  to 
both  fields  coincide  to  the  greatest  possible  extent.  The  stronger 
the  fields,  the  greater  is  the  force  thus  acting,  and,  if  sufficiently 
strong,  mechanical  motion  is  imparted  to  that  body  which  moves 
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the  more  freely.  For  instance,  suppose  one  field  to  be  a  simple 
one  developed  between  the  two  pole-pieces  of  a  powerful  field- 
magnet  such  as  has  been  described,  and  the  other  field  to  be 
generated  by  a  current  in  a  circular  loop  of  wire.  If  the  loop  is 
placed  vertically  with  its  edges  towards  the  pole-pieces,  that  is, 
with  its  plane  parallel  to  the  lines  of  force  of  the  field-magnet, 
then  the  lines  of  its  own  field  will  be  projected  at  right  angles  to 
those  of  the  other,  and  the  field-magnet  being  too  massive  to  move, 
the  loop  will,  if  freely  suspended,  immediately  turn  round  through 
90°,  when  the  lines  of  force  due  to  the  field-magnet  thread  through 
it  in  the  same  direction  as  its  own  lines.  If  free  to  move  in  any 
direction,  its  ultimate  position  of  rest  will  be  in  the  densest  portion 
of  the  field,  where  the  number  of  lines  passing  through  it,  and 
coinciding  in  direction  with  its  own  lines,  is  a  maximum.  If  the 
current  through  the  loop  is  then  reversed  in  direction,  it  will  turn 
completely  round  until  the  lines  of  both  fields  again  coincide. 

We  have  thus  a  means  of  imparting  mechanical  motion  to  a 
material  substance,  in  this  case  a  loop  of  wire  ;  and  a  continual 
rotatory  motion  can  be  maintained  by  reversing  the  current  in  the 
loop  at  the  right  moment,  viz.  just  when  its  momentum  has  carried 
it  a  little  beyond  the  point  which,  in  the  absence  of  this  reversal, 
would  be  its  position  of  rest.  It  remains  to  be  seen  how  the 
principle  is  practically  applied,  on  a  scale  such  that  the  force  with 
which  the  movable  body  is  urged  into  a  new  position  may  amount 
to  many  horse-power. 

Referring  to  the  simple  case  of  a  closed-coil  armature  with  a 
two-part  commutator,  as  illustrated  in  fig.  151,  it  will  be  observed 
that  if  a  current  is  sent  through  the  two  coils  in  parallel  while  in 
the  position  shown,  no  movement  results  when  the  direction  of 
the  current  is  such  that  the  lines  of  force  due  to  it  coincide  in 
direction  with  those  of  the  fixed  field.  This  is  the  position  of 
rest  for  the  armature,  and  if  the  current  in  it  is  reversed,  it  will 
make  a  complete  revolution  until  the  same  coincidence  again 
exists.  Now  the  current  can  be  supplied  by  brushes  pressing  on 
the  commutator  segments,  and  so  placed  that  each  segment  slides 
into  contact  with  a  fresh  brush  directly  the  position  of  rest  is 
arrived  at.  By  this  means  the  current  will  be  reversed,  and  a 
continuous  rotation  kept  up.     With  only  two  coils,  the  armature 
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might  come  to  rest  suddenly  at  a  dead  point,  and  would  not  start 
again  from  such  a  position  ;  but  the  number  of  coils  can  be  in- 
creased with  advantage  until  we  have,  practically,  an  armature 
similar  to  those  used  in  generators.  On  a  current  being  sent 
through  such  an  armature,  each  coil  strives  to  set  itself  with  its 
plane  at  right  angles  to  the  field,  in  which  position  the  coincidence 
of  the  two  sets  of  lines  is  at  a  maximum.  Immediately  the  coil 
arrives  at  this  point,  the  current  in  it  is  reversed,  causing  it  to 
exert  a  similar  force  in  the  same  circular  direction,  during  another 
half-revolution. 

The  armature  may  be  of  the  ring,  drum,  or  flat-disc  type,  and 
it  fortunately  happens  that  most  of  the  principles  underlying  the 
design  and  construction  of  a  good  generating  dynamo,  hold  equally 
well  for  a  motor.  The  fixed  field  is-  usually  supplied  by  powerful 
electro-magnets,  as  in  the  case  of  generators,  these  being  excited 
by  a  current  from  the  same  source  as  that  which  supplies  the 
armature.  Many  of  the  troubles  which  in  dynamos  are  avoided 
or  reduced  by  the  employment  of  a  fixed  field  sufficiently  strong 
to  overpower  that  developed  by  the  armature,  are  also  inherent  in 
a  motor,  and  may  be  avoided  by  the  same  device.  But  in  a 
motor  the  question  of  weight  is  frequently  of  considerable  im- 
portance. For  instance,  the  machine  may  be  employed  for  the 
purpose  of  propelling  a  vehicle,  and  in  such  cases  the  weight  of 
the  motor  is  added  to  that  of  the  vehicle,  and  involves  a  propor- 
tionally increased  expenditure  of  power  in  moving  it.  Since  the 
field-magnets  Are  the  heaviest  part  of  the  machine,  the  greatest 
reduction  in  the  gross  weight  can  be  effected  most  readily  by  re- 
ducing the  mass  of  iron  in  the  field- magnets,  and  for  this  reason 
some  motors  have  less  massive  magnet  cores  than  purely 
theoretical  considerations  might  dictate.  Again,  in  constructing 
a  motor,  even  more  care  must  be  exercised  than  with  a  dynamo 
in  rendering  the  armature  able  to  resist  sudden  heavy  stresses 
without  risk  of  damage,  the  reason  for  which  will  be  more  apparent 
presently. 

We  have  already  learned  that  when  a  conductor  moves  through 
a  magnetic  field  in  such  a  manner  that  it  cuts  the  lines  of  force 
transversely,  an  e.m.f.  is  induced  in  the  wire,  this  e.m.f.  de- 
pending upon  the  density  of  the  field  and  the  velocity  of  the  wire  ; 
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the  cause  which  sets  the  wire  in  motion  being  quite  immaterial. 
And  if  an  independent  current  is  already  flowing  in  the  wire,  the 
electro-motive  force  induced  by  the  motion  will  either  tend  to 
increase  or  decrease  this  current,  according  to  its  direction.  Now 
when  a  wire,  free  to  move,  is  placed  in  a  certain  position  in  a 
magnetic  field,  and  a  current  is  sent  through  it,  it  quickly  moves 
to  a  new  position.  But  in  the  very  act  of  moving  across  the 
field,  the  wire  cuts  the  lines  of  force,  and  an  electro-motive  force 
is  consequently  induced  in  it.  The  fact  that  the  lines  of  force  so 
cut  by  the  wire  form  part  of  the  same  field  which  gave  rise  to  the 
motion  makes  no  difference  in  the  result.  The  direction  in  which 
this  electro-motive  force,  due  to  the  movement  of  the  wire,  will  be 
impressed  may  readily  be  predicted  for  every  conceivable  case, 
because,  as  such  reactions  always  tend  to  stop  the  motion  of  the 
moving  body,  and  as  any  reduction  in  the  current  must  neces- 
sarily reduce  the  force  with  which  the  wire  is  moved  (by  the 
mutual  action  between  the  fields)  the  induced  e.m.f.  must  always 
oppose  and  reduce  the  current  which  is  flowing. 

In  consequence  of  this  *  counter- electromotive-force,'  the 
current  which  a  given  external  source  of  e.m.f.  can  send  through 
a  motor  is  not  determined  solely  by  the  resistance,  but  varies  with 
the  speed  at  which  the  wire  of  the  movable  part  of  the  machine  is 
at  the  moment  cutting  the  lines  of  force  of  the  field.  When  the 
revolving  part,  that  is  to  say,  the  armature,  is  forcibly  restrained 
from  moving,  no  counter  e.m.f.  is  set  up,  and  the  current 
is  then  at  its  maximum,  being  simply  the  quotient  of  the  e.m.f. 
divided  by  the  resistance.  But  when  the  armature  is  allowed  to 
move,  a  gradually  increasing  counter  e.m.f.  is  set  up,  and  the 
current  immediately  falls  in  value.  The  higher  the  speed  at  which 
the  armature  rotates,  the  greater  does  the  counter  e.m.f.  become, 
and  consequently  the  feebler  is  the  strength  of  the  current.  This 
may  be  observed  experimentally  by  placing  an  ammeter  in  circuit 
with  a  battery  and  a  motor,  and  then  varying  the  speed  of  the 
latter. 

Now,  any  one  of  the  dynamos  hitherto  described  can  be  used 
as  a  motor.  For  instance,  we  may  take  a  direct -current  series- 
wound  machine,  and,  by  simply  passing  a  current  through  it  from 
a  battery  of  secondary  cells,  can  cause  the  armature  to  rotate 
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rapidly.  The  force  with  which  the  armature  moves,  or  the  twist- 
ing-force or  *  torque'  which  it  experiences,  depends  upon  the 
strength  of  the  fields  produced  by  it  and  by  the  field -magnet,  and 
these  in  their  turn  depend  upon  the  strength  of  the  current. 

The  internal  resistance  of  a  secondary  battery  is  very  low,  and 
if  that  of  the  machine  is  also  low,  an  enormous  current  will  pass 
while  the  armature  is  at  rest ;  sufficiently  strong,  if  maintained 
for  any  length  of  time,  to  damage  it.  But  immediately  the 
armature  begins  to  move,  this  enormous  current  falls,  until  pre- 
sently the  speed  of  rotation  and  the  counter-electromotive-force 
may  become  so  high  that  only  a  very  small  current  can  flow,  the 
torque  being,  of  course,  also  considerably  reduced.  This  varia- 
tion is  extremely  convenient  in  some  cases  ;  for  example,  when  a 
motor  is  employed  to  propel  a  tram-car,  it  is  required  to  exert 
very  much  greater  power  to  start  the  car  from  rest,  than  to  keep  it 
in  motion  after  it  has  been  started.  It  is  just  when  the  car  and 
the  armature  of  the  machine  are  at  rest  that  an  enormous  current 
can  be  sent  through  the  machine,  and  a  correspondingly  great 
power  exerted  on  the  shaft  ;  while  the  current  falls  to  a  safe  value 
when  a  start  has  been  effected,  and  before  any  damage  can  be 
done  to  the  machine  by  over-heating.  The  necessity  for  its  being 
able  to  resist  such  sudden  heavy  stresses  as  that  caused  by  the 
effort  to  start  with  a  heavy  load,  requires  exceptional  care  to  be 
exercised  in  the  mechanical  construction  of  a  motor  armature, 
especially  with  a  view  to  prevent  the  stripping  of  the  conductors 
from  the  core.  Special  attention  is  here  directed  to  the  machine 
illustrated  in  fig.  197  ;  in  which  the  armature  conductor  lies  in 
deep  narrow  slots  in  the  core,  every  plate  of  which  bears  directly 
against  the  shaft,  the  whole  construction  being  such  as  to  render 
the  armature  able  to  withstand  an  enormous  torque  without  injury. 

The  term  *  torque  *  is  frequently  employed,  and  merits  some 
further  consideration,  especially  in  its  application  to  the  case  of  a 
motor  armature.  It  is,  as  has  been  indicated,  the  twisting-force 
which  an  armature  or  other  similar  arrangement  experiences,  and 
represents  the  effort  made  to  cause  rotation.  This  effort  is  made 
up  of  two  components,  first  the  pull,  which  may  be  measured  in 
pounds,  applied  at  a  point  at  a  given  distance  from  the  centre  of 
the  shaft  ;  secondly,  the  length  of  the  arm  at  which  this  pull  acts- 
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that  is,  the  distance,  measured  in  feet,  of  the  point  at  which  the 
pull  is  applied,  from  the  centre  of  the  shaft.  Suppose,  for  example, 
the  radius  of  the  armature  were  6  inches  and  a  pull  of  20  pounds 
were  applied  at  a  point  on  its  circumference  in  a  direction  at  right 
angles  to  the  radius,  then  the  torque,  or  the  effort  thus  made  to 
rotate  the  armature,  would  be  20x0*5=10  pound-feet.  If  the 
diameter  of  the  armature  were  doubled,  thus  giving  an  arm  or 
radius  of  i  foot,  the  torque  would  also  be  doubled,  being  20  x  i 
=  20  pound-feet,  and  so  on.  In  the  case  of  an  actual  armature 
the  pull  is  exerted  not  at  a  single  point  on  the  circumference,  but 
at  a  number  of  equidistant  points  —at  every  armature  conductor, 
in  fact — and  as  the  distance  of  every  conductor  from  the  centre  of 
rotation  is  the  same,  the  resulting  torque  may  be  found  by  multi- 
plying together  the  sum  of  the  pulls  on  all  the  conductors  by 
the  radius,  or  their  common  distance  from  the  centre  of  rotation. 
For  example,  if  the  number  of  active  conductors  round  the  circum- 
ference were  100,  the  pull  on  each  15  pounds,  and  the  diameter  of 
the  armature  18  inches  (radius  9  inches  =  75  foot),  the  torque 
would  be  100  X  15  x  75  =  1,125  pound-feet. 

In  no  case,  however,  is  the  pull  or  drag  experienced  by 
an  armature  conductor  the  same  at  all  points  of  its  circular  path 
through  the  field.  In  the  first  place,  the  field  varies  in  strength  at 
different  parts  of  the  path  through  which  the  conductor  sweeps  : 
and  then  the  current  in  every  section  of  the  armature  falls  to  zero 
for  a  moment  while  its  particular  commutator  bars  are  passing 
under  a  brush,  so  that  during  that  moment  the  pull  on  the  con- 
ductors of  that  particular  section  is  nii.  The  value  of  the  pull  on 
the  conductors  round  a  motor  armature  varies,  in  fact,  in  much 
the  same  way  that  the  activity  of  the  conductors  round  the 
surface  of  a  dynamo  armature  changes,  being  at  a  minimum  along 
the  diameter  of  commutation,  and  rising  to  a  maximum  at  right 
angles  thereto.  It  will  also  be  evident  that  the  counter  electro- 
motive-force developed  by  every  individual  conductor  rises  and 
falls  in  value  with  the  drag  upon  it,  being  equal  at  any  moment  to 
that  electro  motive  force  which  it  would  develop  if  the  armature 
were  driven  mechanically  as  a  generator  and  lines  of  force  were 
cut  effectively  at  the  same  rate. 

The  sum   of  the   separate  forces  acting  on   every  armature 
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conductor  remains,  however,  constant  in  value,  because  as  each 
conductor  passes  from  the  position  of  greatest  activity  its  place  is 
taken  by  another,  and  so  on.  But  we  can  only  make  such  a 
calculation  as  that  just  given  by  first  calculating  the  total  force 
or  pull  acting  upon  all  the  conductors  at  any  moment,  and  then 
dividing  by  the  number  of  conductors  in  order  to  obtain  the 
average  force  or  pull  on  one  conductor. 

In  fig.  234  we  have  represented  a  state  of  affairs  more  nearly 
approaching  to  that  which  obtains  in  an  actual  armature,  where 
the  diameter  of  commutation  may  be  taken  as  being  a  few  degrees 


from  the  vertical,  and  for  simplicity  only  eight  active  conductors 
are  indicated.  The  pull  on  each  conductor  acts  at  right  angles  to 
the  diameter  of  the  armature  passing  through  that  point,  because 
the  lines  of  force  nearly  all  enter  at  right  angles  to  the  surface  of 
the  armature  core,  and  every  conductor  is  urged  across  the  field  at 
right  angles  to  the  lines  of  force.  Even  were  this  not  so,  the 
reduced  resultant  force  acting  at  right  angles  to  the  diameter 
would  be  the  force  which  we  should  have  to  consider,  since  it 
would  be  the  only  part  of  the  total  force  acting  effectively  to 
rotate  the  armature.  The  figures  placed  against  each  arrow-head 
represent  the  pull  in  pounds  experienced  by  each  armature  con- 
ductor, and  each  conductor  is  at  the  moment  impressing  upcn  the 
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shaft  a  torque  or  twisting-force  equal  to  its  particular  pull  multi- 
plied by  the  length  of  the  arm  at  which  it  acts— that  is  to  say,  its 
distance  from  the  centre  of  rotation.  Let  this  distance  or  radius 
r  equal  6  inches  ;  then,  since  each  pull  acts  in  the  same  direction, 
the  total  torque  is  the  sum  of  these  separate  values,  or 

2r  -{■  gr+  15  r-|-  gr  +  2r  +gr  +  15  r+Qr 
=  (2  +  9  +  15  +  9  -f  2  -f  9  +  15  +  9)  r 
=  70  r  =  70  X  '5  =  35  pound-feet. 

This  proves  the  statement  previously  made,  that  the  torque  may 
in  any  case  be  estimated  by  multiplying  the  sum  of  the  pulls  on 
each  conductor  in  pounds  by  the  radius  of  the  armature  measured 
in  feet  or  a  fraction  of  a  foot. 

As  a  simple  practical  example  we  may  assume  the  case  of  a 
motor  armature  12  inches  in  diameter  (6  inches  radius)  with  100 
active  conductors,  and  giving  on  the  shaft  1 2  horse-power  when 
the  speed  is  500  revolutions  per  minute.  The  whole  of  this  power 
appearing  on  the  armature  shaft  is  first  transmitted  by  the  con- 
ductors through  the  core  to  the  shaft,  and  from  the  figures  given 
we  will  discover  first  the  torque  and  secondly  the  average  pull  in 
pounds  on  the  conductors.  One  horse-power  is  equivalent  to  a 
rate  of  working  equal  to  33,000  foot-pounds  per  minute,  and 
consequently  we  have  in  this  case  a  rate  of  working  equal  to 
12  X  33,000  or  396,000  foot-pounds  per  minute. 

The  whole  of  this  power  being  impressed  upon  the  armature 
conductors,  we  can,  if  we  know^  the  distance  in  feet  through  which 
they  travel  in  one  minute,  divide  by  this  distance,  and  obtain  the 
force  in  pounds  exerted  at  any  moment  on  the  whole  of  the 
conductors.  Any  one  conductor  in  every  revolution  travels  round 
a  path  equal  to  the  circumference  of  the  armature  (2  ?r  r  =  2  r  x  '5 
=314  feet)  and  passes  therefore  through  500  x  3'i4=  1,570  feet 
in  one  minute  wlien  the  armature  makes  500  revolutions  per 
minute.     (Consequently  the  actual  pull  exerted  upon  the  armature 

conductors  is  ^^^'°°°  =  2  s 2    pounds.      From   this  we   see   that 

1,570 
the  torque  must  be  252  x  -5  =  126  pound-feet,  and  the  average 
pull  per  conductor  2-52  pounds, 
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The  pull  on  any  one  conductor  when  at  the  most  active  part 
of  its  journey  amounts  to  a  much  higher  value  than  this  average 
pull ;  and  in  a  powerful  machine  the  value  becomes  exceedingly 
high,  especially  when,  as  at  starting,  the  back  electro-motive  force 
is  nil  and  the  current  through  the  armature  becomes  abnormally 
high.  These  considerations  emphasise  the  necessity  for  an  effective 
mechanical  connection  between  the  conductors  and  the  armature 
core,  which  can  be  secured  either  by  a  liberal  use  of  driving  horns 
or,  better  still,  by  embedding  the  conductors  in  slots  in  the 
armature  core. 

Supposing  the  field  to  be  the  same  in  both  cases,  the 
direction  of  the  current  in  the  armature  of  a  machine  when  used 
as  a  motor  must  be  the  reverse  to  its  direction  when  used  as 
a  generator,  if  the  direction  of  rotation  is  desired  to  be  the  same 
in  each  case  ;  indeed,  we  have  just  seen  that  the  counter  e.m.f. 
generated  is  opposite  to  that  which  produces  the  driving  current. 
Therefore,  if  the  direction  of  the  driving  current  applied  to  the  ter- 
minals of  a  series  machine  is  the  same  as  that  which  would  be  de- 
veloped by  the  machine  itself,  the  connections  either  of  the  arma- 
ture or  of  the  field-magnets  must  be  reversed  ;  or  if  a  rotation  in 
the  opposite  direction  is  desired,  the  connections  should  be  left  un- 
altered, and  the  brushes  turned  round  to  suit  the  reversed  rotation. 
A  shunt  dynamo,  on  the  other  hand,  will,  without  any  alteration, 
turn  in  the  same  direction  if  an  e.m.f.  opposite  to  that  developed 
by  it  as  a  generator  is  applied  to  its  terminals,  for  the  current 
through  the  armature  is  then  in  thd  reverse  direction,  while  that 
through  the  field-magnet  coils  is  the  same  as  before.  This  will 
be  apparent  on  inspection  of  the  diagrams  of  the  shunt-dynamo 
connections  given  in  figs.  161  and  162  ;  when  employed  as  a 
generator  the  field-magnet  coils  form  a  shunt  to  the  external  cir- 
cuit, but  when  used  as  a  motor  these  coils  act  as  a  shunt  to  the 
armature. 

The  distortion  of  the  field  observed  when  a  machine  is  used 
as  a  generator  also  occurs  when  it  is  employed  as  a  motor,  because, 
when  the  brushes  are  at  zero,  the  lines  of  force  of  the  armature 
field  are  at  right  angles  to  those  of  the  field-magnets.  But  the 
direction  of  the  current,  and  therefore  of  the  lines  of  force,  being 
reversed  in  the  case  of  a  motor  armature,  the  direction  of  the 
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resultant  field  is  also  different.  The  amount  of  the  distortion 
depends,  obviously,  upon  the  relative  strengths  of  the  two  fields. 
It  is  very  slight  when  the  field-magnets  overpower  the  armature, 
but  in  all  cases  the  direction  of  the  resultant  field  is  such  that  the 
brushes  must  be  shifted  backward  to  place  them  on  a  diameter  at 
right  angles  to  the  lines  of  force,  and  so  to  avoid  sparking. 

The  distortion  of  the  field  of  a  motor  is  illustrated  in  fig.  235, 
which  should  be  compared  with  the  corresponding  figure  (158)  for 
a  generator.  The  density  of  the  lines  of  force  is  greater  at  the 
horns  a  a  which  the  armature  is  approaching,  and,  as  a  conse- 
quence, any  irregular  distribution  of  iron  in  the  armature  core 

FfG.  235. 
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causes  stronger  eddy  currents,  and  develops  more  heat  at  these 
places  than,  as  in  the  case  of  a  dynamo,  at  the  horns  b  b  from 
which  the  armature  is  receding.  With  an  ordinary  armature  having 
a  smooth  core  this  heating  is  hardly  appreciable,  and  in  all  cases 
it  is  influenced  to  a  certain  extent  by  the  fact  that  a  current  of 
cold  air  is  drawn  in  at  a  a  and  ejected  somewhat  warmer  at  r  b. 
In  the  case  of  a  motor,  therefore,  this  air  current  tends  to  reduce, 
and  in  the  case  of  a  generator  to  increase,  the  difference  of 
temperature  between  the  two  horns  of  each  pole- piece. 

The  current  through  the  armature  of  a  motor  frequently  varies 
considerably,  and  this  may  cause  a  shifting  of  the  resultant  field, 
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and  therefore  also  necessitate  an  alteration  in  the  position  of  the 
brushes  ;  but  in  all  cases  a  reduction  in  the  angle  of  lead,  and 
immunity  from  sparking  due  to  a  variation  of  the  armature  current, 
may  be  obtained  by  employing  a  very  powerful  field  relatively  to 
that  produced  by  the  armature.  But  this  necessitates  considerable 
weight,  especially  in  the  field-magnet  cores.  Hence  the  superiority 
of  wrought-iron  of  high  permeability  is  apparent,  although  even 
when  this  is  used  the  weight  of  a  motor  built  upon  this  principle 
is  still  considerable.  As  we  shall  see  presently,  it  is  possible  to 
construct  a  light  but  efficient  machine  by  so  arranging  matters 
that  the  armature  field  shall  be  very  powerful  and  reinforce  that 
of  the  field  magnets,  special  precautions  being  taken  to  prevent 
the  sparking  which  would  otherwise  ensue.  But  at  the  same  time 
it  must  be  remembered  that  the  advantages  arising  from  the  use  ot 
powerful  field-magnets,  even  at  the  expense  of  extra  weight,  are 
not  lightly  to  be  thrown  away ;  and  that  in  ordinary  cases  it  is 
rarely  true  economy  to  sacrifice  much  in  order  to  save  a  little 
weight. 

The  electrical  power  may  be  supplied  either  at  a  constant 
pressure,  or  with  a  constant  current ;  in  the  former  case  regulation  is 
comparatively  easy,  while  in  the  latter  greater  economy  in  the  distri- 
bution of  power  can  sometimes  be  effected.  Supposing  a  constant 
potential  to  be  maintained  at  the  terminals  of  a  shunt-wound 
motor  ;  the  current  through  the  field-magnet  coils  will  always  be 
the  same,  and  therefore  the  strength  of  the  field  remains  constant, 
but  the  current  through  the  armature  depends  upon  the  speed  of 
rotation,  being,  in  fact,  determined  by  the  excess  of  the  applied 
electro-motive  force  over  the  counter  electro- motive  force.  Sup- 
posing the  machine  to  be  employed  in  driving  a  tram-car  ;  then, 
for  example,  when  the  car  commences  to  mount  an  incline,  the 
armature  shaft  is  called  upon  to  perform  additional  work,  which 
tends  to  reduce  the  speed  of  rotation.  This  reduction  of  speed,  by 
reducing  the  counter  electro-motive  force,  immediately  allows  a 
stronger  current  to  pass  through  the  armature,  and  affords  the 
necessary  electrical  power  to  perform  the  extra  work.  On  the 
other  hand,  should  the  car  be  allowed  to  attain  a  high  speed  in 
descending  an  incline,  the  counter  e.m.f.  would  reach  a  high 
value,  so  high  in  fact  that  very  little  current  would  pass  through 
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the  armature,  whence  very  little  electrical  power  would  be  ex- 
pended. The  demand  upon  the  source  of  the  electrical  power  is 
thus  to  a  certain  extent  automatically  regulated  in  a  very  simple 
manner  according  to  the  requirements,  and  this  effect  of  the 
counter  electro-motive  force  obtains  whatever  the  purpose  may 
be  for  which  the  machine  is  employed. 

If  the  armature  resistance  is  extremely  low  and  that  of  the  shunt- 
coils  high,  and  if  the  field-magnet  develops  a  much  greater  field 
than  the  armature,  the  variation  of  lead  will  be  but  slight,  and, 
further,  the  machine  will  to  a  great  extent  be  self- regulating  as 
regards  speed. 

Many  motors  now  constructed  satisfy  these  conditions  suf- 
ficiently to  render  any  other  aids  to  regulation  superfluous.  But 
some  precautions  are  needed  in  joining  such  machines  in  circuit, 
especially  if,  as  is  usually  the  case,  any  load  is  applied  to  the  shaft 
before  the  armature  has  approached  its  normal  speed.  Even 
though  the  potential  difference  between  the  mains  to  which  the 
machine  is  to  be  connected  were  no  more  than  loo  volts,  this 
would  give  rise  to  an  enormous  current  through  the  armature, 
before  it  had  time  to  get  up  speed  and  develop  the  counter  k.m.f. 
which  would  be  competent  to  reduce  the  current  to  a  safe  value. 
The  armature  while  at  rest  would  in  fact  simply  short-circuit  the 
mains  and  the  field-magnet  coils,  and  the  latter  fact  would,  by  pre- 
venting the  rapid  establishing  of  a  powerful  field,  tend  to  retard  its 
getting  up  speed.  In  any  case  the  field-magnets,  if  massive,  take  an 
appreciable  time  in  becoming  fully  magnetised,  and  it  is  advisable 
to  start  such  a  shunt- wound  machine  by  first  joining  the  field-mag- 
net coils  directly  across  the  mains,  then  joining  the  armature  in 
series  with  a  considerable  resistance  across  the  mains,  gradually 
cutting  out  this  resistance  as  the  armature  rises  in  speed.  Such 
an  arrangement  is  indicated  in  fig.  236,  where  a  represents  the 
armature,  s  the  field-magnet  coils,  and  n  a  switch  with  four 
resistance  coils,  the  positive  main  being  shown  on  the  right  and 
the  negative  on  the  left.  One  end  of  the  metallic  switch  bar  or 
lever,  which  is  connected  to  the  positive  main,  passes  over  and 
makes  good  contact  with  a  curved  brass  strip  which  is  joined  to 
one  end  of  the  field-magnet  coils  ;  the  other  end  of  the  bar  passes 
over  ^\^  brass  studs,  to  which  the  resistance  coils  are  connected 
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as  shown.  In  order  to  disconnect  the  motor  and  stop  it,  the 
switch  bar  should  be  turned  left-handedly  through  about  60**  from 
the  position  shown,  when  it  would  lie  clear  of  the  studs  and  also 
the  curved  bar.  To  start  the  motor  the  bar  must  be  turned  right- 
handedly  from  this  position  of  disconnection,  when  its  upper  end 
will  first  make  contact  with  the  curved  strip,  thus  allowing  the 
current  to  pass  through  the  coils  s  and  excite  the  field-magnet. 
It  will  be  observed  that  this  end  of  the  bar  makes  contact  with 
the  curved  strip  and  completes  the  field-magnet  circuit  before  its 
other  end  makes  contact  with  the  extreme  right-hand  stud  ;  but 
by  further  turning  the  switch  bar  in  the  same  direction,  the  lower 
end  makes  contact  with  this  stud  and  completes  the  armature 
circuit,  all  the  resistance  coils  being  then  in  series  with  it.     The 

Fig.  236. 


(Ml\ 


resistance  coils  have  such  a  value  that  even  were  the  armature  not 
to  start  the  current  would  be  insufficient  to  damage  it,  and  the 
coils  themselves  are  made  of  wire  (preferably  bare  German  silver) 
sufficiently  thick  to  carry  the  maximum  current.  When  a  current 
is  thus  started  through  the  armature,  it  should  at  once  commence 
to  rotate  and  develop  a  counter  e.m.f.,  and  the  switch  bar 
can  then  be  moved  on  to  the  next  stud  (the  position  indicated  in 
the  diagram),  when  only  three  coils  are  in  series  with  the  arma- 
ture, which,  under  the  influence  of  the  more  powerful  current, 
rotates  yet  faster,  and  the  switch  bar  can  be  finally  moved  up 
to  the  extreme  left-hand  stop,  when  all  the  resistance  will  be 
cut  out  of  circuit  and  the  armature  joined  direct  across  the  mains. 
In  some  cases  where  exceptionally  good  regulation  is  desired, 
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and  where  the  armature  resistance  cannot  well  be  made  sufficiently 
low  and  the  field  sufficiently  powerful  to  secure  it,  other  devices 
may  be  employed.  AVe  have  seen  that  when  an  additional  load  is 
thrown  on  the  motor,  the  resulting  reduction  in  speed  immediately 
allows  the  passage  of  a  stronger  current  through  the  armature  ;  but 
if  the  speed  is  to  be  kept  constant,  the  counter  electro -motive  force 
will  also  be  constant,  and  then  the  current  through  the  armature  can 
hardly  vary  at  all,  so  that  the  two  conditions  are  opposed  to  each 
other.  But  by  reducing  the  strength  of  the  field  developed  by  the 
field-magnets,  the  counter  e.m.f.  can  also  be  reduced,  and  there- 
fore a  stronger  current  can  be  passed  through  the  armature  when 
rotating  at  a  given  speed.  It  is  necessary,  then,  to  devise  some 
means  of  reducing  the  strength  of  the  field  when  the  load  is 
increased  and  the  current  in  the  armature  rises.  The  simplest 
way  of  accomplishing  this  is  to  place  a  few  turns  of  thick  wire 
round  the  limbs  of  the  field-magnet,  in  series  with  the  armature, 
but  wound  in  such  a  manner  as  to  magnetically  oppose  the  shunt- 
coils,  instead  of  assisting  them  as  in  the  case  of  a  compound - 
wound  generator.  The  effect  of  these  series-turns  in  weakening 
the  field  becomes  greatest  when  the  armature  current  is  strongest, 
and  vice  versct  \  but  it  should  be  observed  that  since  the  strongest 
current  which  can  pass  through  the  armature  (and  therefore  also 
the  series-winding)  does  so  when  it  is  at  rest,  the  armature  may 
start  in  either  direction,  as  determined  by  the  shunt-coil  field  or 
the  field  produced  by  the  heavy  current  in  the  series- windings. 
To  avoid  any  uncertainty,  it  is  usual  to  lead  the  ends  of  the  two 
windings  and  of  the  armature  separately  to  the  switch-board,  and 
to  reverse  the  current  through  the  series-windings,  so  that  both 
shunt-  and  series-coils  act  together  in  developing  a  strong  field  in 
the  right  direction  at  the  moment  of  starting,  the  series-turns  being 
joined  up  in  the  normal  manner  when  the  speed  rises  above  a 
certain  value.  The  series- turns,  being  few  in  number,  aid  the 
shunt-coil  but  little  when  in  series  with  it  because  they  are  then 
carrying  a  small  current  ;  and  practically  the  same  result  may  be 
obtained  by  simply  short-circuiting  the  series-coils  until  the  machine 
has  been  properly  started. 

The  field  of  a  shunt  motor  may  also  be  weakened  by  inserting 
resistance  coils  as  required,  either  by  hand  or  automatically,  or  by 
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altering  the  ampere-turns  in  any  other  manner.  It  appears  at  first 
sight  somewhat  paradoxical  that  the  speed  of  a  motor  can  be 
increased  by  reducing  the  strength  of  the  field,  but  the  reduction 
of  the  counter  electro- motive  force  allowing  a  more  powerful 
current  to  be  urged  through  the  armature,  as  mentioned  above, 
satisfactorily  explains  the  matter. 

The  case  for  a  series  motor  fed  with  a  constant  current  is 
different,  and  the  distinction  must  be  clearly  borne  in  mind.  If 
the  load  is  decreased,  the  speed  increases,  and  so  gives  rise  to  a 
higher  counter  e.m.f.,  but  the  generator  responds  to  this  and  by 
developing  a  correspondingly  higher  e.m.f.  maintains  the  current 
constant.  Consequently  the  speed  of  the  machine  increases 
enormously  when  the  load  is  lightened  to  a  great  extent,  and  it  is 
then  that  unless  care  is  taken  considerable  damage  may  be  done. 
If  it  be  desired  to  reduce  the  speed  or  the  power  given  out  by  a 
series  motor  fed  with  a  constant  current,  this  may  be  readily 
effected  by  diminishing  the  strength  of  the  field,  since  in  this  case 
the  armature  current  is  kept  constant  under  all  conditions.  The 
resulting  reduction  in  the  counter  e.m.f.  simply  causes  the  gene- 
rator supplying  the  current  to  develop  a  lower  e.m.f.,  because  a 
lower  pressure  at  the  terminals  of  the  motor  becomes  sufficient  to 
urge  the  proper  current  through  it. 

The  alteration  in  the  strength  of  the  field  is  conveniently 
effected  by  shunting  the  field-magnet  coils  with  a  variable  resis- 
tance, and  the  application  of  one  such  method  will  be  considered 
presently. 

Only  a  portion  of  the  power  given  electrically  to  a  motor  is 
converted  usefully  into  mechanical  power,  a  part  being  spent  in 
heating  the  armature,  field-magnet  coils,  &c.  When  the  armature 
is  held  at  rest  the  whole  of  the  electrical  power  absorbed  by  the 
motor  is  thus  converted  into  heat,  and  the  efficiency  of  the  machine 
— that  is,  the  ratio  of  the  useful  power  obtained  on  the  shaft  to  the 
total  power  supplied — is  then  at  its  lowest  value,  viz.  nought. 
When  the  armature  is  allowed  to  move,  the  useful  performance  of 
work  begins,  and  as  the  current  also  falls  in  strength,  the  power 
wasted  in  heating  decreases.  The  higher  the  speed  of  rotation, 
the  higher  becomes  the  counter  e.m.f.  and  the  less  becomes  the 
power  wasted  as  heat  in  the  conductors  ;  in  fact,  the  ratio  of  the 
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power  usefully  absorbed  by  the  motor  to  the  whole  power  sup- 
plied is  very  nearly  proportional  to  the  ratio  of  the  counter  e.m.f. 
to  the  E.M.F.  applied  at  the  terminals  of  the  machine.  The 
efficiency  of  the  machine  is  therefore  highest  when  the  load  is  a 
minimum,  that  is,  when  it  is  doing  least  work  per  revolution, 
while  the  torque,  or  the  force  with  which  the  armature  tends  to 
rotate,  is  greatest  when  the  load  is  sufficiently  great  to  prevent  the 
armature  turning,  and  when,  therefore,  it  is  doing  no  external 
work  at  all.  Now,  when  a  motor  is  running  at  a  high  speed  and 
with  a  comparatively  feeble  current  through  the  armature  it  per- 
forms very  little  work  indeed  during  one  revolution,  although,  the 
number  of  revolutions  being  great,  a  considerable  amount  of 
work  may  be  performed  during  a  given  interval  of  time,  say  one 
minute.  On  the  other  hand,  when  the  speed  is  very  low  the 
amount  of  work  per  revolution  is  comparatively  great,  but  the 
small  number  of  revolutions  per  minute  prevents  the  quantity  of 
work  reaching  during  that  interval  a  very  high  value.  By  con- 
sidering these  two  extreme  cases,  it  might  be  supposed  that  there 
is  a  certain  intermediate  speed  of  rotation  at  which  the  work  per- 
formed by  any  given  motor  is  a  maximum.  This  is  the  case,  and 
the  speed  of  a  motor  at  which  it  can  perform  the  maximum 
amount  of  work  per  minute  is  that  speed  at  which  the  counter 
electro-motive  force  becomes  equal  to  the  electro-motive  force 
applied  at  the  terminals.  This  result  is  quite  independent  of  the 
efficiency  of  the  conversion,  which,  as  we  have  seen,  increases  with 
the  speed  of  rotation,  and  the  efficiency  of  any  motor  when  it  is 
doing  the  maximum  amount  of  work  which  it  can  do,  is  so  low 
(about  50  per  cent.),  that  in  practice  motors  are  not  worked  under 
such  conditions  for  any  length  of  time. 

We  are  now  in  a  position  to  consider  the  construction  of 
various  types  of  motor  and  of  the  methods  of  applying  these 
motors  to  the  various  classes  of  work  which  they  are  competent  to 
perform. 

In  fig.  237  is  illustrated  a  motor  which  was  constructed  by 
Messrs.  Easton,  Anderson  &  Goolden  for  'an  electric  launch. 
The  field-magnet  is  of  the  single  horse-shoe  shape,  the  cores  being 
of  wrought-iron,  secured  to  a  wrought-iron  yoke-piece  by  two 
horizontal  bolts.     On  the  outer  side  of  each  pole-piece  is  a  gun- 
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metal  supporting  bracket  with  two  flanges,  shaped  to  fit  the  ribs 
of  the  boat.  One  bracket  (that  at  the  back  in  the  figure)  is 
extended  on  either  side  to  form  the  bearings  for  the  armature 
shaft. 

The  machine  is  shunt-wound,  the  field-magnet  coils  consisting 
of  2,680  convolutions  of  No.  14  s.w.g.  copper  wire,  having  a  re- 
sistance of  6*96  ohms.  The  armature  is  of  the  drum  type,  and  is" 
wound  with  two  No.  14  s.w.g.  wires  in  parallel,  there  being  216 
convolutions  of  this  double  wire,  giving  a  resistance  from  brush  to 

Fig.  237. 


brush  of  o"2  ohm.  Each  section  has  six  turns,  so  that  there  are 
thirty-six  bars  in  the  commutator,  which  is  insulated  throughout 
with  mica.  The  adjacent  end  of  the  armature  is  covered  by 
radial  extensions  of  the  commutator  bars,  the  mica  insulation 
being  also  extended  to  the  periphery.  The  other  end  of  the 
armature  is  covered  by  a  metal  plate  of  an  equal  diameter,  the 
rest  of  the  armature  being  enveloped  by  a  waterproof  material 
securely  bound  on,  so  that  the  whole  is  rendered  completely 
watertight.  I'he  armature  shaft  is,  at  the  end  remote  from  the 
commutator,  coupled  direct  on  to  the  shaft  of  the  propeller.     The 
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armature  brushes  and  the  field-magnet  coils  are  connected  to 
separate  terminals  leading  to  the  controlling  switch,  and  the  motor 
is  reversed  by  simply  reversing  the  direction  of  the  current  through 
the  armature.  To  render  this  practicable,  the  brushes  are  of  a 
special  type  (see  fig.  243),  consisting  of  steel  springs  placed  flat 
against  the  commutator,  and  provided  with  solid  carbon  blocks 
for  making  contact,  the  requisite  pressure  being  given  by  india- 
rubber  bands  passing  round  hooks  at  the  ends  of  the  springs. 
This  motor  develops  five  horse-power  when  running  at  500  revo- 
lutions per  minute  \  the  current  is  supplied  by  secondary  cells, 
the  machine  being  designed  to  carry  50  amperes  at  95  volts  as  a 
normal  load,  while  it  can  safely  take  up  to  70  amperes  when 
necessary  without  risk  of  damage  by  over-heating. 

The  efficiency  of  this  motor  is  about  85  per  cent.,  which  is 
high  for  such  a  small  motor  at  the  comparatively  low  speed  of  500 
revolutions  per  mnute. 

In  most  cases  the  difficulty  of  obtaining  a  machine  of  reason- 
able efficiency  at  a  low  speed,  without  abnormal  proportions  and 
correspondingly  heavy  weight,  renders  it  necessar)'  to  run  at  a 
high  speed,  and  to  effect  the  reduction  required,  by  suitable  gear- 
ing. Thus,  for  example,  the  wheel  of  an  ordinary  tram-car 
travelling  at  seven  miles  per  hour  does  not  revolve  at  so  high  a 
speed  as  eighty  revolutions  per  minute,  and  it  would  be  impossi- 
ble to  construct  a  practical  motor  to  run  at  this  low  rate.  A 
machine  running  at  720  revolutions  might  be  employed,  by  intro- 
ducing gearing  which  would  reduce  this  speed  to  about  one-tenth. 
The  selection  of  suitable  gearing  is  not,  however,  an  easy  matter, 
for  it  must  be  light,  strong,  and  durable,  and  should  produce 
neither  noise  nor  vibration  in  working  ;  and,  while  absorbing  little 
power  in  friction,  it  must  be  capable  of  withstanding  dust  and 
dirt,  or  of  being  easily  protected  therefrom.  Some  very  good 
devices,  depending  upon  friction  to  transmit  the  power  from  a 
small  wheel  on  the  rapidlyrotatingarmatureshaft  toa  larger  pulley 
on  the  axle,  have  been  employed  with  fair  success  on  lines  where 
the  gradients  are  slight ;  but  where  the  power  required  to  be 
transmitted  is  at  times  very  heavy,  this  method  is  not  to  be  relied 
on.  By  means  of  a  pinion  and  spur-wheel,  with  or  without  an 
intermediate  counter-shaft,  very  great  power  can  be  transmitted. 
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One  great  objection  to  this  gearing  is  that  it  is  noisy  ;  the  teeth 
of  the  pinion  on  the  armature  shaft  also  rapidly  show  signs  of  wear. 
The  necessary  reduction  in  speed  can  also  be  obtained,  and  in 
a  very  satisfactory  manner,  by  means  of  a  screw  and  worm-wheel ; 
a  screw,  driven  by  the  motor  shaft,  gearing  into  the  teeth  of  a 
worm-wheel  on  the  axle  of  the  car  or  on  a  counter-shaft.  Chain 
gearing  is  also  employed  ;  in  this  case  an  endless  chain  passes 
over  a  small  toothed  wheel  on  the  motor  shaft  and  a  larger  one 
on  the  axle,  the  teeth  of  the  wheels  fitting  into  the  links  of  the 
chain.  The  chain  is,  however,  liable  to  stretch,  and  then  the 
teeth  no  longer  fit  accurately,  and  slipping  is  likely  to  take  place. 

Fig.  338. 


In  figs.  238  and  239  a  good  example  of  spur-gearing  is  illus- 
trated. The  motor,  designed  by  Lieut.  Sprague,  is  intended  for 
use  on  a  tram-car,  the  field-magnet  being  of  the  single  horse-shoe 
type,  and  of  wrought-iron  throughout.  At  the  yoke  end,  the  motor 
is  swung  from  the  axle  of  the  car,  this  bearing  being  shown  to 
the  left  of  fig.  238,  while  at  the  other  or  armature  end,  it  is  flexibly 
supported,  being  attached  to  the  body  of  the  car  by  means  of  the 
spring  shown  in  fig.  239.  Bronze  brackets,  fixed  to  the  pole  cheeks, 
support  the  armature  bearings,  and  a  pinion  on  the  armature 
shaft,  as  indicated  in  fig.  239,  gears  with  a  spur-wheel  carried  on 
a  counter-shaft  which  passes  between  the  limbs  of  the  field- 
magnet  At  the  other  end  of  the  counter-shaft  is  the  pinion 
visible  in  fig.  238,  which  gears  into  a  spur-wheel  keyed  on  to  the 
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axle  of  the  car,  the  number  of  teeth  being  so  proportioned,  that 
the  speed  of  rotation  of  the  axle  is  about  one-twelfth  of  that  of 
the  armature. 

The  pinion  on  the  armature  shaft  is  sometimes  made  of 
hard  vulcanised  fibre.  The  wear  is,  of  course,  greatest  at  the 
teeth  of  this  pinion,  while  the  greatest  power  is  transmitted 
individually  by  the  teeth  at  the  other  end  of  the  train.  The  teeth 
are,  however,  strong  enough  to  resist  a  steady  pressure  far  greater 
than  can  be  given  by  the  machine  ;  were  the  full  power  suddenly 
applied  with  a  jerk,  the  strain  would  be  enormously  increased,  but 
a  most  important  function  of  the  supporting  spring  is  to  prevent 

Fig.  239. 


this  jerk  taking  place,  by  yielding  slightly  when  the  pressure  is 
suddenly  applied.  But  the  advantage  gained  in  this  way  entails 
the  disadvantage  that  the  distance  between  the  centres  of  the 
engaging  wheels  is  liable  to  variation.  Consequently,  involute 
teeth  are  employed — that  is  to  say,  the  form  of  the  rubbing  surfaces 
of  the  teeth  is  the  involute  of  a  circle,  such  teeth  being  the  only 
ones  which  are  independent  of  an  alteration  in  the  distance 
between  the  centres  of  the  wheels. 

The  armature  is  entirely  covered  with  a  waterproof  material, 
and  the  field-magnets  being  also  protected  by  an  impervious 
covering,  the  machine  is  but  little  liable  to  injury  from  moisture. 
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The  covering  of  the  field- magnets  consists  of  sheet  copper, 
the  joints  being  carefully  sealed.  An  advantage  attending  this 
arrangement  is,  that  the  heavy  current  induced  in  the  low  resist- 
ance copper  sheathing  whenever  the  current  in  the  field-magnet 
coils  is  considerably  varied,  reduces  to  a  very  great  extent  the 
magnitude  of  the  extra  current  developed  in  the  coils  on  suddenly 
breaking  the  circuit. 

Carbon  brushes  are  employed,  the  commutator  being  of  the 
usual  form,  viz.  copper  bars  insulated  with  mica. 

In  fig.  240  is  illustrated  the  Immisch  motor,  a  type  which 
possesses  some  important  peculiarities.     The  field- magnets  are  of 

Fig.  240. 


the  double  horse- shoe  form,  the  coils  being  wound  in  four  sections 
on  the  horizontal  portions  of  the  core,  although  in  a  few  instances 
two  coils  only  are  employed,  wound  on  the  vertical  limbs,  as  in 
the  case  of  the  Manchester  dynamo. 

In  these  machines  the  magnetic  field  developed  by  the  arma- 
ture is  comparatively  powerful,  being  equal  to,  or  even  greater 
than,  that  developed  by  the  field-magnet,  the  object  being  to 
effect  a  great  reduction  in  weight.  As  has  been  already  re- 
marked, it  is  possible,  since  the  two  fields  reinforce  each  other, 
to  employ  a  weak  fixed  field  and  yet  obtain  the  necessary  torque 
on  the  armature,  provided  the  armature  field  is  correspondingly 
increased  in  strength ;   but  this  entails  some  special  device  to 
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avoid  the  necessity  for  altering  the  lead  of  the  brushes  to  suit  the 
variations  of  the  current  caused  by  a  var)'ing  load.  The  actual  re- 
quirement is,  of  course,  to  keep  the  direction  of  the  resultant  field 
unaltered,  so  that  the  brushes  shall  always  be  on  a  diameter  at 
right  angles  to  this  field  ;  and  in  the  Immisch  machine  the  arrange- 
ment for  maintaining  this  constancy  amounts  to  simply  short- 
circuiting  the  sections  of  the  armature  for  a  considerable  period 
as  they  pass  the  neutral  position.  If  the  field  is  in  its  normal 
position  when  these  coils  are  short-circuited,  they  are  practically 
inactive.  But  should  the  field  be  shifted,  say  by  an  increase  of 
the  load,  the  short-circuited  coils  cut  lines  of  force  transversely, 
acting  as  the  coils  of  a  generator,  and  the  resistance  of  the  closed 
coil  being  very  low,  the  conditions  for  a  large  current  are  estab- 
lished, the  lines  of  force  resulting  therefrom  being  in  such  a 
direction  as  to  oppose  the  distortion  of  the  field,  and  bring  it  back 
to  the  normal  position.  The  short-circuiting  is  effected  by  the 
commutator,  which,  as  shown  in  fig.  240,  consists  of  two  sets  of 
segments,  placed  side  by  side,  one  set  being  fixed  half  the  width 
of  a  segment  in  advance  of  the  other. 

The  armature  is  drum-wound,  and  the  connections  are  such 
that  the  two  parts  of  the  commutator  might  be  formed  into  one, 
by  interposing  each  segment  on  one  half  between  the  two  facing 
segments  on  the  other  half.  The  two  brushes  side  by  side  are 
electrically  connected,  forming,  in  fact,  one  wide  brush,  and  the 
effect  is  precisely  similar  to  that  which  would  take  place  if  an 
ordinary  commutator  were  employed  with  thick  brushes  covering 
one  bar. 

Under  ordinary  circumstances  the  effect  of  an  increase  of 
the  current  in  the  armature  would  be  to  increase  the  distortion 
of  the  field,  and  therefore  to  necessitate  a  greater  negative  lead 
being  given  to  the  brushes.  The  immediate  effect,  however,  in 
the  present  case  is  to  cause  the  short-circuited  coils  to  generate 
a  powerful  current,  the  lines  of  force  due  to  which  are  in  the 
same  direction  as  those  of  the  field-magnets,  the  resultant  ten- 
dency being  to  reduce  the  distortion  to  its  normal  amount. 

It  might  be  expected  that  considerable  heating  in  the  coils 
would  result  from  the  short-circuiting,  but  this  does  not  occur  to 
any  appreciable  extent,  and  is  probably  to  be  accounted  for  by  the 
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prompt  action  of  the  current  in  the  short-circuited  coils  in  re- 
storing the  field  to  its  normal  position  before  the  current  rises  to 
a  very  high  value.  It  must  be  remembered  that  the  field  due  to 
the  field -magnets  is  a  comparatively  feeble  one,  and  it  is  in  conse- 
quence much  more  readily  affected  by  such  changes  in  the  armature 
reaction  than  is  a  machine  built  upon  the  orthodox  lines. 

The  armature  core  is  built  up  with  the  usual  thin  iron  plates, 
which  are  insulated  with  asbestos,  thick  rigid  plates  being  placed 
at  intervals,  and  having  projections  above  the  surface  of  the  rest 
of  the  core,  which  act  as  driving  horns. 

The  machines  are  usually  series-wound,  and  are  made  in  a 
variety  of  sizes  for  different  purposes.  One,  designed  for  driving 
a  tram-car,  weighs  5^  cwt.,  and  is  intended  to  run  at  1,000  revolu- 
tions with  a  current  of  40  amperes  at  60  volts.  The  gearing 
consists  of  two  steel  chains  with  a  counter-shaft,  the  reduction  of 
speed  being  10  to  i  ;  the  velocity  of  the  chain  on  the  armature 
shaft  is,  at  times,  as  high  as  2,000  feet  per  minute,  and  the  high 
speed  of  the  motor  allows  a  considerable  reduction  in  the  weight 
of  the  machine.  The  current  is  supplied  by  eighty  secondary  cells 
carried  on  the  car,  a  switch  being  provided  for  connecting  these, 
either  all  in  series,  or  forty  in  series  and  two  in  parallel,  so  as  to 
vary  the  power  given  to  the  machine.  The  same  switch  can  also 
be  used  to  throw  resistance  in  circuit,  when  the  motor  is  being 
started,  to  prevent  the  passage  of  a  too  heavy  current  before  a 
counter  e.m.f.  is  generated.  The  direction  of  rotation  is  reversed 
by  reversing  the  current  through  the  armature,  two  sets  of  brushes 
being  provided,  operated  by  a  suitable  lever,  one  set  adjusted  with 
a  slight  negative  lead  in  one  direction,  and  the  other  set  with  a 
corresponding  lead  in  the  reverse  direction. 

One  of  the  earliest  and  most  successful  applications  of  the 
electric  motor  for  traction  work  was  made  by  Mr.  M.  Rolroyd 
Smith,  on  the  Blackpool  Electric  Tramway.  This  venture  was 
made  in  the  experimental  days  of  electric  traction,  and  great 
difficulties  were  contended  with  and  overcome.  The  working  has 
been  so  successful  under  somewhat  trying  local  conditions  as  to 
prove  that  the  system  is  sound,  and  we  shall  accordingly  briefly 
describe  the  main  features.  The  line  is  two  miles  in  length,  and 
consists  chiefly  of  a  single  track  with  a  number  of  pass-byes.     It 


Digitized 


by  Google 


486  Electrical  Engineering  chap.  xii. 

runs  along  the  sea-coast  in  such  an  exposed  position  that  the  road 
is  occasionally  flooded  during  the  winter  months,  and  at  all  times 
the  saline  deposit,  which  is  always  prevalent  near  the  coast,  con- 
siderably enhances  the  difficulty  in  insulating  the  conductors. 

The  conductors  are  laid  underground  in  a  channel  midway 
between  the  two  rails  on  which  the  car  wheels  run,  the  current 

Fig.  241. 


being  taken  from  them  to  the  motor,  by  means  of  a  collector 
trailing  through  a  narrow  opening  in  the  top  of  the  channel. 

In  fig.  241  a  transverse  section  of  this  channel  is  shown,  the 
main  support  being  afforded  by  cast-iron  chairs  which  are  fixed 
at  intervals  of  a  yard.  One  of  these  chairs,  b,  is  shown  in  the 
figure;  its  height  is  11  inches,  base  12^  inches,  and  internal  width 
5 1  inches  ;  it  has  vertical  slots  cast  in  it,  on  each  side,  and  into  these 
slots  are  fitted  stout  creosoted  boards,  d  d,  which  form  the  sides 
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of  the  channel.  Steel  troughing,  c  c,  runs  along  and  is  bolted  to 
the  tops  of  the  cast-iron  chairs.  This  troughing  is  then  filled  with 
wooden  blocks  to  form  the  paving  of  the  road  ;  the  remainder  of 
the  paving  being  also  of  wood.  The  sides  of  the  steel  troughs 
slope  slightly,  so  that  the  opening  between  them  widens  from  half 
an  inch  at  the  top  to  one  inch  at  the  bottom,  in  order  that  a  stone 
on  getting  in  may  fall  through  instead  of  being  wedged  in.  The 
conductors  are  strips  of  hard-drawn  copper,  of  the  shape  shown  at 
F  F  ;  the  sectional  area  of  each  is  equal  to  a  solid  rod,  0*575  inch 
in  diameter,  and  its  resistance  is  o'i65  ohm  per  mile.  The  strip 
fits  over  an  iron  stud,  the  under  side  of  which  is  grooved,  and  a 
wooden  pin  is  driven  in,  to  fix  it  securely  in  position.  This  stud  is 
cemented  into  a  cylindrical  porcelain  insulator,  e,  having  a  deep 
groove  round  its  periphery,  and  holes  2\  inches  in  diameter  are 
bored  in  the  wooden  sides  of  the  channel  midway  between  the 
chairs,  for  the  reception  of  these  insulators.  A  j-inch  vertical 
hole  is  also  bored  in  the  wood  on  one  side  of  the  insulator,  and 
into  this  a  wooden  peg  is  driven,  which,  passing  downwards  through 
the  groove,  locks  the  insulator  fast.  More  recently  glass  studs 
cemented  into  a  porcelain  insulator  have  been  adopted. 

The  various  lengths  of  the  conducting  tubes  are  electrically 
and  mechanically  connected  by  two  wedges  of  drawn  brass  (not 
shown  in  the  figure),  which,  when  driven  tight  together,  exactly  fit 
the  inside  of  the  tube,  the  compound  wedge  being  wrapped  with 
wire  to  prevent  it  shifting.  A  little  space  is  left  between  the  ends 
of  adjacent  sections  of  the  tubes  to  allow  for  expansion  and  con- 
traction, which  is,  of  course,  considerable ;  in  fact,  the  connecting 
wedges  cannot  be  soldered  to  the  tube,  as  the  expansion  due  ro 
the  difference  in  the  temperature  at  night  and  noon  would  crack 
the  solder.  The  two  parallel  conductors,  f  f,  form  a  single  posi- 
tive lead,  and  the  collector  places  them  in  connection  with  one 
terminal  of  the  motor,  whose  other  terminal  is  connected  to  the 
wheels  of  the  car,  the  return  circuit  being  made  through  the  rails, 
or,  rather,  by  means  of  the  rails  through  the  earth.  The  two 
tubes  are  electrically  connected  at  every  hundred  yards  by  a  loop 
of  insulated  and  lead-sheathed  copper  wire,  placed  in  a  groove  cut 
in  the  sides  and  bottom  of  the  channel.  The  resistance  of  the 
positive  lead  must  be  taken  as  that  of  the  two  tubes  in  parallel, 
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and  if  the  rails  make  good  earth  at  every  point  there  will  be 
practically  no  resistance  between  the  negati\e  terminal  of  the 
motor  and  the  negative  terminal  of  the  generator,  which  is  also 
connected  to  earth.  But  this  would  rarely  or  never  happen,  and 
to  avoid  any  serious  resistance  at  the  junctions,  adjacent  rails  are 
electrically  connected  by  a  strip  of  copper,  the  ends  of  which  are 
plugged  into  holes  punched  in  the  rails. 

The  engines  and  two  generating  dynr.mos  are  placed  at  the 
middle  of  the  line.  The  generators  are  four-pole  machines,  each 
being  separately  excited  by  a  small  machine  ;  a  set  of  resist- 
ances is  placed  in  circuit  with  the  exciter  and  field-magnet 
coils,  by  varying  which  the  strength  of  the  field,  and  therefore, 
also,  the  e.m.f.  developed  by  the  generators,  can  be  altered  at  will. 
The  maximum  e.m.f.  of  each  is  300  volts,  and  the  current  180 
amperes.  The  two  machines  are  when  required  run  together  in 
parallel. 

The  maximum  potential  difference,  viz.  that  at  the  middle  of 
the  line,  is  about  220  volts,  and  this  falls  gradually  towards  the 
two  extremities.  The  deposit  of  moisture  previously  referred  to 
is  sometimes  so  great  as  to  cause  a  serious  leakage  afler  the  line 
has  been  standing  idle  during  the  night ;  in  the  earlier  days  this 
leakage  amounted  at  times  to  100  amperes,  but  the  passage  of 
the  heavy  current  rapidly  increases  the  insulation.  Such  improve- 
ments have  been  effected  that  the  loss  during  working  hours  does 
not  now,  under  ordinary  circumstances,  exceed  3  amperes. 

A  good  idea  of  the  salient  features  of  the  system  may  be 
gathered  from  fig.  242.  The  collector,  which  is  designed  to  run 
equally  well  in  either  direction,  consists  of  two  slanting  clearing 
ploughs  of  tempered  steel,  connected  by  hinged  wrought-iron 
plates  to  a  centre-piece.  This  centre-piece  consists  of  a  cast- 
iron  cheek,  bearing  on  the  edges  of  the  steel  troughing,  and 
having  fixed  vertically  through  it  a  strong  brass  strip,  which  is  well 
insulated  and  protected  by  hardened  steel  guards  where  it  passes 
through  the  slot.  The  bottom  of  the  strip  is  bare,  and  has  fixed 
to  it  a  short  horizontal  brass  arm,  which  carries  at  each  end  two 
curved  hard  metal  wings,  facing  in  opposite  directions,  and  each 
partly  embracing  one  of  the  conductors.  The  whole  forms  a 
combination  which  is  flexible  enough  to  turn  sharp  bends,  such 
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as  those  at  crossing  points,  is  capable  of  clearing  the  opening  of 
any  slight  obstruction,  and  ensures  good  electrical  contact  with  the 
conductors.  Each  of  the  steel  ploughs  terminates  in  a  finger,  on 
to  which  is  hooked  a  hauling  rope,  attached  to  the  body  of  the 
car,  but  a  loop  of  weaker  cord  is  inserted,  so  that  if  the  collector 
meets  with  a  serious  obstruction  this  loop  breaks,  the  car  passes 
on,  and  can  be  quickly  brought  to  a  standstill  by  the  ordinary 
brakes.     The  loop  slips  off  the  trailing  finger,  and  a  detachable 

Fig.  243. 


electrical  connection  is  also  provided,  consisting  of  a  clip,  bored 
to  receive  a  heart-shaped  terminal,  which  can  easily  be  inserted, 
but  requires  a  rather  sharp  jerk  to  release  it. 

The  motors  are  series  machines,  the  field-magnet  cores  being 
of  good  wrought-iron,  and  no  practical  advantages  have  been 
sacrificed  for  the  sake  of  obtaining  an  extremely  light  and  electri- 
cally efficient  motor.  The  field-magnets  develop  a  very  powerful 
field,  and  the  space  between  the  iron  of  the  armature  core  and  the 
pole-faces  is  very  small,  the  armature  conductor  consisting  of  one 
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layer  of  silk-covered  wire ;  consequently  a  comparatively  weak 
armature  field  can  be  employed,  and  the  distortion  is  inappre- 
ciable. In  fact,  the  brushes  can  be  allowed  to  make  contact  at 
the  same  place  for  either  direction  of  rotation,  without  any  appre- 
ciable sparking.  This  admits  of  the  employment  of  an  extremely 
simple  and  effective  type  of  brush,  which  was  invented  by  Mr. 
Smith  for  the  purpose  of  enabling  the  armature  to  be  run  in  either 
direction  without  any  alteration  of  the  brushes,  and  to  avoid  the 
jolting  of  the  car  breaking  contact. 

Two  views  of  these  brushes  are  given  in  fig.  243.  d  d  are  the 
spindles  passing  through  the  holders  to  which  electrical  connection 
is  made,  s  s  being  a  thin  flat  steel  spring,  divided  into  four  strips. 
The  extremities  of  the  springs  are  connected  and  drawn  together 

Fig.  244. 


by  india-rubber  bands,  b,  and  a  small  block  of  hard  metal,  c,  is 
fixed  to  the  middle  of  each  strip,  forming  the  contact  with  the 
commutator.  This  type  of  brush  is,  perhaps,  the  simplest  and 
most  effective  that  can  be  devised  for  the  purpose  ;  the  wear  takes 
place  at  the  hard  metal  contact-pieces,  which  are  so  fixed  that  they 
can  easily  be  replaced  when  worn  out. 

Fig.  242  illustrates  the  system  as  applied  to  a  line  in  France, 
and  an  important  feature  is  the  worm-gearing.  An  endless  screw 
gears  with  a  wheel  keyed  on  the  axle,  and  the  screw  is  connected 
to  the  armature  spindle  by  a  flexible  joint,  a  certain  amount  of 
play  longitudinally  being  also  provided  for.  The  screw  and 
wheel  are  effectively  protected  by  a  casing,  part  of  which  is,  in  the 
figure,  removed  to  show  the  interior. 

The  gearing  employed  on  the  Blackpool  line  is  illustrated  in 
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fig.  244,  for  permission  to  reproduce  which  we  are  indebted  to  the 
Council  of  the  Institution  of  Mechanical  Engineers. 

A  side  view  of  the  motor  is  shown,  and  M  is  a  pinion  at  the 
end  of  the  armature  shaft,  gearing  into  an  internal  toothed  wheel, 
w — that  is,  a  wheel  having  teeth  on  its  inner  periphery.  The 
pitch-circles  of  M  and  w  are  indicated  by  the  dotted  circles.  On 
the  outside  of  w,  that  is,  on  the  side  remote  from  the  motor,  is 
fixed  a  chain  pinion,  p,  gearing  by  a  chain  with  a  chain-wheel,  c, 
which  is  carried  on  the  car-axle. 

The  chief  objection  to  the  use  of  chain  gearing  is  that  the 
chain  always  gets  slack  after  a  time,  but  a  very  simple  and  effec- 
tive arrangement  is  introduced  to  take  up  the  slack  and  so  over- 
come this  objection.  The  wheel  w  is  carried  by  an  adjustable 
bracket  or  arm,  a,  which  is  centred  on  the  motor-shaft,  that  is  to 
say,  the  arm  is  capable  of  being  rotated  about  a  centre  which 
exactly  coincides  with  the  centre  of  the  shaft.  Consequently,  the 
pinion  m  and  the  wheel  w  remain  in  gear  for  every  position  of  the 
arm,  because  the  c  istance  between  their  centres  remains  unaltered. 
The  arm  is  locked  in  position  by  bolts  passing  through  slots,  and 
it  is  an  easy  master  to  loosen  these,  rotate  the  arm  through  a 
small  angle,  and  fix  it  in  the  new  position,  if  the  chain  becomes 
slack.  The  placing  of  a  new  chain  in  position  can  also  be 
rapidly  effected. 

A  special  device  is  also  introduced  to  avoid  a  jerk  at  starting, 
which,  as  has  been  remarked,  throws  a  severe  strain  on  the  gearing. 
The  connection  between  the  chain-wheel  and  the  axle  is  not  rigid, 
but  is  made  through  several  stout  spiral  springs,  which  yield  and 
take  the  jolt  off  the  chain  when  great  pressure  is  suddenly  applied. 
The  chain-wiieel  c  c  consists  of  a  loose  annular  rim,  having  four 
inwardly  projecting  pieces  placed  midway  between  the  arms 
radiating  from  the  hub  which  is  keyed  on  to  the  axle.  The 
ends  of  the  arms  are  connected  to  the  wheel  c  by  spiral  springs 
s  s,  as  shown  in  the  figure,  and  these  springs  by  extending  allow 
the  pressure  to  be  applied  more  gradually. 

The  motors  are  series-wound,  and  supplied  at  an  approximately 
constant  potential,  and  the  speed  is  regulated  by  the  alteration  of 
resistance  joined  in  series  with  the  motor  ;  for,  supposing  the  load 
to  be  constant,  any  increase  of  resistance  reduces  the  current 
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flowing  through  both  the  armature  and  field-magnet  coils,  and  so 
reduces  the  speed  of  rotation ;  while  a  reduction  of  resistance 
allows  the  current  to  increase,  and  therefore  also  the  speed.  The 
same  resistances  can  also  be  used  to  regulate  the  strength  of  the 
current  required  in  starting.  The  aim  has  been  to  make  the 
arrangement  practical  and  workable  without  risk  of  error  or 
damage  by  an  inexperienced  driver,  and  also  to  allow  the  variation 
of  resistance  to  be  made  gradually,  without  employing  a  large 
number  of  coils.  It  is  also  necessary  to  provide  a  large  surface 
for  radiation  in  the  case  of  the  lowest  resistances,  because  they 
have  to  carry  a  heavy  current,  and  the  heat  generated  is  con- 
siderable. All  these  points  are  effectually  provided  for  without 
introducing  any  complication.  The  switch  is  in  the  form  of  a 
wooden  cylinder  with  brass  strips  of  various  lengths  on  its  cir- 
cumference, which  make  reliable  rubbing  contact  with  stout  flat 
springs,  when  the  cylinder  is  rotated  by  an  ordinary  lever.  Only 
four  coils  of  about  i  ohm  resistance  each  are  employed  ;  and  by 
moving  the  switch  lever  the  following  nine  changes  can  be  made 
in  the  motor  circuit,  either  rapidly,  or  slowly,  step  by  step,  as 
desired.     The  coils  are  denoted  by  a,  b,  c,  d. 


I. 

Circuit  disconnected. 

2. 

A,  B,  c,  D  in  series. 

3. 

A,  B,  c 

4. 

A,  B                     „ 

5- 

A 

6. 

A,  B        in  parallel. 

7*. 

A,  B,  C               „ 

8. 

A,  B,  C,  D         „ 

9. 

ResisUnce  coils  short-circuited. 

It  will  thus  be  seen  that  not  only  are  the  lower  resistances 
obtained  without  employing  extra  coils,  but  when  the  heaviest 
current  is  passing  the  heat  generated  is  being  spent  upon  the 
whole  of  the  mass  of  the  metal  employed. 

It  is  evident  that  whenever  an  intermediate  gearing  is  employed 
between  the  armature  shaft  and  the  shaft  upon  which  the  work  is 
required  to  be  done,  a  considerable  amount  of  power  must  be 
wasted,  however  well  the  gearing  may  be  designed  and  made.     It 
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is  therefore  always  advantageous  to  avoid  such  gearing  and  drive 
direct  from  the  armature  shaft,  even  though  it  may  be  necessary 
to  employ  a  slightly  less  efficient  motor  for  the  purpose.  As  has 
been  remarked,  the  speed  at  which  the  axles  of  an  ordinary  tram- 
car  rotate  is  so  low  that  it  is  hardly  possible  to  drive  direct  in  this 
case,  but  for  electric  railway  work,  where  the  speed  may  be  con- 
siderably higher,  the  method  has  been  successfully  carried  out. 
The  first  application  was  made  by  Messrs.  Mather  and  Plait  on 
the  City  and  South  London  Railway,  the  electrical  features  of 
which  present  several  points  of  interest.  The  up  and  the  down 
lines  run  in  separate  tunnels  throughout,  the  tunnels  being  con- 
structed of  cast-iron  sections  bolted  together  by  internal  flanges 
as  illustrated  in  fig.  245,  which  shows  a  section  through  the  tunnel 
and  an  end  view  of  one  of  the  locomotives.  The  rails  are  sup- 
ported on  wooden  sleepers  which  fit  and  rest  upon  the  sides  of 
the  tunnel  as  shown,  the  gauge  being  4  feet  8^  inches.  The 
conductor  from  which  the  current  is  taken  is  of  channel  steel 
supported  on  glass  insulators  and  running  throughout  the  line 
between  the  two  rails,  as  indicated  in  the  figure,  its  upper  surface 
being  about  an  inch  below  that  of  the  rails.  The  motors  are 
mounted  on  a  separate  car  (which  we  refer  to  as  the  Moco- 
niotive'),  each  locomotive  drawing  three  passenger  carriages. 
From  the  bottom  of  each  locomotive  three  massive  cast-iron 
trailers  are  hinged  ;  these  trailers,  which  are  electrically  connected, 
slide  over  the  surface  of  the  steel  conductor  and  so  collect  the 
current.  The  conductor  is  composed  of  a  special  kind  of  mild 
steel  which  has  a  comparatively  low  specific  resistance,  the  resis- 
tance of  a  mile  of  the  conductor  being  a  little  more  than  a  quarter 
of  an  ohm.  The  various  lengths  are  connected  with  fishplates 
and  bolts,  but  to  ensure  a  good  electrical  connection  copper  strips 
are  also  employed,  the  ends  of  each  strip  being  riveted  to  the 
ends  of  adjacent  lengths  of  the  conductor. 

The  generating  station  is  placed  at  one  end  of  the  line,  and 
instead  of  allowing  the  steel  conductors  to  carry  the  whole  of  the 
current  to  the  distant  end,  four  *  feeders '  are  employed.  These 
feeders  are  insulated  copper  cables  with  an  external  lead  covering, 
the  conductor  consisting  of  61  No.  14  s.w.G.  wires  stranded 
together;  and  they  are  connected    to   the  steel  conductor  at 
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various  points  along  the  line.  One  of  the  feeders  is  seen  to  the 
right  of  fig.  245  ;  it  is  supported  by  a  bracket,  which  is  bolted  to 
the  flange  of  one  of  the  tunnel  sections,  this  particular  bracket 
also  carrying  the  cast-iron  exhaust  pipe  coming  from  the  hydraulic 
lifts. 

A  longitudinal  section  of  a  locomotive  with  its  two  motors  is 
given  in  fig.  246,  where  the  three  cast-iron  trailers  will  be  seen. 

Fig.  245. 


two  on  the  rigl\t-  and  one  on  the  left-hand  side  of  the  figure.  The 
motors  are  series-wound,  and  they  are  joined  in  series  with  each 
other.  The  armatures  are  of  the  Gramme  ring  type,  each  having  a 
resistance  of  o*3-,  and  the  distinctive  feature  of  the  arrangement  is 
that  each  axle  of  the  locomotive  also  forms  the  shaft  for  one  of  the 
armatures,  so  that  no  gearing  whatever  is  required.  When  the  loco- 
motive is  running  at  its  maximum  speed  of  25  miles  per  hour  the 
armatures  make  310  revolutions  per  minute,  the  two  motors  being 
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capable  of  developing  about  loo  horse-power  under  these  circum- 
stances.    l*he  lield-magnets  are  of  the  Edison- Hopkinson  type, 


the  resistance  of  the  coils  on  each  being  coSy.    The  yoke  end 
of  each  field-magnet  is  supported  from  the  framework  of  the  loco- 
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motive  by  an  arrangement  of  links  which  allows  a  certain  amount 
of  play,  to  correspond  with  the  movements  of  the  framework  with 
respect  to  the  axles.  It  is  clear,  however,  that  no  up-and-down  play 
can  be  allowed  at  the  other  end  of  the  field- magnets,  otherwise  there 
would  be  risk  of  the  pole-faces  coming  in  contact  with  the  armature. 
The  field-magnet  at  the  armature  end  is  supported  by  bearings  on 
the  axle  itself,  so  that  the  field-magnet  simply  rocks  through  a 
small  angle  about  the  axle  or  armature  shaft  as  a  centre,  and  the 
distance  between  the  armature  and  pole-faces  is  kept  constant. 

The  steel  conductor  is  maintained  at  a  pressure  of  about  500 
volts  above  that  of  the  earth,  and  the  current  passes  from  the 
trailers  first  to  a  fuse  and  main- switch,  then  to  a  second  switch 
with  a  set  of  resistance  coils,  then  through  a  reversing  switch,  and 
finally  through  the  two  motors  in  series,  to  earth  by  way  of  the 
wheels  and  rails.  The  reversing  switch  is  for  the  purpose  of 
reversing  the  direction  of  the  current  through  the  motors,  and 
so  reversing  the  direction  in  which  the  locomotive  moves,  while 
the  resistance  coils  are  placed  in  series  with  the  motors  when 
starting  in  order  to  avoid  the  passage  of  the  too-heavy  current 
which  would  otherwise  flow  before  the  motors  had  attained  suffi- 
cient speed  to  develop  any  appreciable  counter  electro- motive 
force.  By  joining  the  two  motors  in  series  the  pressure  between 
the  terminals  of  each  becomes  half  that  between  the  steel  con- 
ductor and  earth,  when  all  the  resistance  is  cut  out  of  circuit ;  the 
current  passing  through  one  motor  is  always  equal  to  that  through 
the  other,  and  varies  of  course  with  the  speed  at  which  the  arma- 
tures are  rotating. 

Four  Edison-Hopkinson  dynamos  are  provided  to  generate  the 
current  for  this  line.  The  machines  are  compound-wound,  the 
resistance  of  the  armature  of  each  being  coiy",  of  the  shunt-coils 
96-,  and  of  the  series-coils  o•oI5^  The  machines  are  connected 
to  a  switch-board,  to  which  the  four  feeders  above  referred  to  are 
also  led,  and  the  connections  may  be  made  so  that  the  machines 
supply  current  to  the  feeders  either  separately  or  in  parallel  as 
may  be  desired,  one  terminal  of  every  machine  being  always 
connected  to  earth.  The  output  of  each  machine  is  450  amperes 
at  a  pressure  of  500  volts  when  running  at  500  revolutions  per 
minute. 
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The  method  of  collecting  the  current  from  a  third  (insulated) 
rail,  by  means  of  trailers  underneath  the  car,  is  perhaps  the  most 
satisfactory  that  can  be  devised,  and  is  always  employed  when  the 
circumstances  permit.  In  the  case  of  street  tramway  work,  however, 
the  conditions  are  not  nearly  so  favourable  as  on  the  railway  just 
described,  where  no  other  traffic  passes  over  the  road,  and  where 
the  track,  being  all  under  cover,  is  kept  comparatively  dry.  It  is 
not  permissible  to  lay  a  bare  live  conductor  along  a  public  street 
or  road,  on  account  of  the  other  traffic,  and  even  if,  as  in  the  case 
of  the  tramway  first  described,  the  conductor  be  laid  in  an  under- 
ground channel,  difficulties  are  apt  to  arise  through  stones  and 
rubbish  finding  their  way  into  the  slot,  while  the  insulation  frequently 
falls  to  a  very  low  value  in  wet  and  snowy  weather.  Crossings  are 
also  somewhat  troublesome  to  satisfactorily  arrange,  and  in  any  case 
the  construction  is  expensive.  For  these  reasons  in  most  of  the 
street  tramway  work  which  has  been  carried  out,  the  current  is 
collected  from  an  overhead  conductor,  which  is  fixed  at  a  uniform 
height  throughout  the  entire  length  of  the  line.  In  the  majority 
of  cases  a  long  arm  is  fixed  on  the  roof  of  the  tramcar,  in  such  a 
manner  that  its  upper  end  can  move  freely  through  a  certain  range 
in  any  direction  (to  enable  any  irregularities  in  the  line  to  be 
followed),  and  the  extreme  upper  end  carries  a  metal  shoe,  which 
presses  against  the  under  side  of  the  conductor.  This  shoe  is 
connected  through  the  arm  and  a  suitable  insulated  cable  to  the 
switches  and  other  apparatus  employed,  whence  the  current  passes 
to  the  motor  or  motors,  and  thence  to  earth  through  the  rails. 
The  conductor  from  which  the  current  is  collected  does  not,  as 
a  rule,  transmit  the  whole  of  the  current  to  the  distant  end  of 
the  line,  but  is  connected  at  intervals  to  feeders  which  supply  it 
with  current  and  maintain  its  pressure  throughout  at  an  approxi- 
mately uniform  value. 

One  disadvantage  attending  the  running  of  motors  in  parallel 
circuit,  supplied  with  current  at  a  constant  potential,  as 
in  the  systems  hitherto  described,  results  from  the  fact  that  the 
current  carried  by  the  main  leading  wires  is  the  sum  of  the 
current  supplied  to  the  whole  of  the  motors.  When  the  number 
is  great,  this  main  current  becomes  enormous,  and  the  main 
conductors  or  feeders  must  be  correspondingly  massive  to  avoid 
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serious  loss  of  power  ;  and,  of  course,  the  greatest  loss  occurs  at 
the  time  when  it  can  least  be  permitted,  viz.  when  the  motors  are 
demanding  the  maximum  current.  Many  difficulties  disappear  in 
a  system  of  distribution  of  power  to  motors  which  require  to  be 
supplied  with  a  constant  current,  for  all  the  machines  can  be 
joined  in  series,  and  the  mains  need  only  be  of  sufficient  size  to 
carry  the  current  required  by  one  machine,  instead  of  the  whole 
of  them.  But  other  difficulties  arise,  chiefly  in  connection  with 
the  means  available  for  communicating  the  current  to  the  motors, 
sufficiently  great,  in  fact,  to  make  the  parallel  system,  on  the  whole, 
more  practicable.  In  fact,  although  a  number  of  promising  sys- 
tems have  been  tried,  it  can  hardly  be  said  that  series  working 
has  yet  been  successfully  accomplished  for  tramway  or  railway 
work.  The  parallel  system  is  almost  universally  adopted,  and 
the  current  to  be  carried  by  the  mains  is  kept  as  low  as  possible 
by  employing  a  comparatively  high  voltage  at  the  motor  termi- 
nals. 

Undoubtedly  the  ideal  arrangement  is  for  each  vehicle  to  be 
entirely  self-contained,  carrying  not  only  its  motor  or  motors,  but 
also  the  immediate  source  of  electrical  power.  For  in  such  a  system 
neither  expense  nor  inconvenience  is  incurred  by  any  alteration 
to  the  existing  road,  or  by  the  erection  of  an  overhead  conductor, 
with  its  feeders,  &c.  ;  and  a  host  of  other  attendant  inconveni- 
ences are  obviated.  The  only  practical  method  of  achieving  this 
result  is  by  the  aid  of  secondary  batteries.  Each  battery  must 
consist  of  a  sufficient  number  of  cells  to  give  the  required  potential 
difference  at  the  motor  terminals,  and  each  cell  must  be  of  such 
a  size  or  capacity  as  will  enable  it  to  supply  a  current  of  the 
maximum  strength  required.  As  the  question  of  the  loss  in  the 
mains  does  not  now  require  to  be  considered,  the  necessity  for  a 
high  potential  difference  disappears,  and  consequently  a  battery 
of,  say,  50  cells,  giving  a  pressure  of  about  100  volts,  will  in  most 
cases  suffice.  With  the  reduction  in  pressure  there  must 
obviously  be  a  proportional  increase  in  current  strength.  Hence 
the  cells,  although  comparatively  few  in  number,  must  be  very 
large  and  correspondingly  heavy.  Herein  lies  the  first  difficulty 
to  be  overcome,  because  although  up  to  a  certain  point  the 
increase  of  weight  assists  by  increasing  the  adhesion  between  the 
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wheels  and  the  rails,  the  minimum  increase  in  weight  with  an 
effective  secondary  battery  exceeds  this  limit,  and  therefore  a 
considerable  proportion  of  the  energy  expended  is  required  to 
carry  the  battery  itself.  Efforts  have  been  made  to  reduce  the 
weight  of  the  non-productive  portion  of  the  battery,  as  well  as  of 
the  plates  themselves  ;  but  hitherto  this  reduction  has  only  been 
effected  at  the  expense  of  mechanical  strength  and  durability,  and 
of  electrical  capacity.  As  the  conditions  are  such  as  to  subject 
the  cells  to  considerable  vibration,  it  is  evident  that  unless  they 
are  mechanically  strong  their  life  will  be  but  short ;  and  a 
reduction  in  electrical  capacity  involves,  of  course,  a  frequent 
return  to  the  generating  station  for  re-charging.  Unfortunately 
the  ideal  secondary  cell  for  this  class  of  work  remains  yet  to  be 
produced. 

An  important  operation  in  connection  with  a  dynamo  machine 
is  the  determination  of  its  commercial  efficiency  3  that  is,  in  the  case 
of  a  generator,  the  ratio  of  the  electrical  power  appearing  in  the 
external  circuit  and  available  for  useful  work,  to  the  total  mecha- 
nical power  spent  in  driving  the  machine  ;  and,  in  the  case  of  a 
motor,  the  ratio  of  the  useful  mechanical  power  obtained  on  the 
armature  shaft,  to  the  total  electrical  power  absorbed.  The  accurate 
measurement  of  the  mechanical  power  in  either  case  presents 
some  difficulty.  The  usual  method  is  to  employ  a  transmission 
dynamometer,  or  a  friction  brake,  to  determine  the  horse-power 
expended  or  obtained,  as  the  case  may  be  ;  but  it  is  not  possible 
with  either  class  of  apparatus  to  be  certain  of  obtaining  any  but 
an  approximately  correct  result.  The  electrical  power,  on  the 
other  hand,  can  be  measured  with  extreme  accuracy,  it  being 
simply  necessary  to  find  the  current  strength  in,  and  the  potential 
difference  at  the  extremities  of,  the  external  circuit  of  a  generator  ; 
and  the  current  passing  through  a  motor,  together  with  the  poten- 
tial difference  at  its  terminals  ;  the  product  of  the  two  quantities 
in  either  case  gives  the  power  in  watts. 

If  it  were  possible  to  arrange  matters  so  that  it  would  become 
essential  to  measure,  by  a  mechanical  process,  only  a  small  fraction 
of  the  total  mechanical  power  given  to  a  generator,  say  one -tenth 
(the  other  nine-tenths  being  measured  electrically),  then  a  much 
more  accurate  result  might  be  obtained ;  for  any  error  made  in 
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measuring  this  fraction,  when  distributed  over  the  whole  amount, 
would  have  but  one- tenth  the  value  of  that  which  would  other- 
wise accrue.  And,  further,  it  is  far  easier  to  accurately  determine 
the  value  of  a  small  than  of  a  fairly  large  amount  of  mechanical 
power. 

An  important  departure,  rendering  such  a  method  possible, 
has  been  made  by  Dr.  Hopkinson.  He  takes  two  approximately 
equal  machines,  and,  driving  one  as  a  generator,  leads  wires  from 
it  to  the  other,  so  connected  that  the  current  developed  by  the 
first  machine  drives  the  second  as  a  motor.  Now,  the  mechanical 
power  appearing  on  the  motor  shaft  is  less  than  that  spent  on 
the  generator,  by  an  amount  equal  to  the  power  absorbed  by 
friction,  and  by  the  heating  of  the  various  conductors,  armature 
cores,  &c.,  in  the  two  machines. 

But  the  power  which  does  appear  on  the  motor-shaft  might  easily 
be  employed  to  assist  in  driving  the  generator  ;  and  this  is  effected 
by  the  simple  process  of  rigidly  coupling  the  shafts  of  the  two 
machines  together  ;  so  that,  then,  the  only  mechanical  power 
required  to  be  supplied  and  measured  is  an  amount  equal  to  that 
just  referred  to  as  being  wasted  in  the  various  parts  of  the  two 
machines  during  the  double  conversion. 

This  fraction,  thus  supplied,  is  conveniently  measured  by  a 
dynamometer  of  the  Hefner-Alteneck  type,  which  measures 
directly  in  pounds  the  difference  between  the  pull  on  the  tight 
and  slack  sides  of  the  belt,  that  is,  the  actual  pull  causing  the 
rotation  of  the  pulley.  This  number,  multiplied  by  the  number  of 
feet  travelled  by  the  belt  per  minute,  gives  the  number  of  foot- 
pounds of  work  performed  in  one  minute,  which  when  divided  by 
33,000  gives  us  the  horse-power  supplied  by  the  belt :  since  one  horse- 
power is  a  rate  of  working  equal  to  33,000  foot-pounds  per  minute. 
With  the  particular  dynamometer  employed  in  one  test  made  by 
Dr.  Hopkinson,  the  pointer  moved  over  one  division  of  the  scale 
for  a  pull  of  2705  lb.  on  the  tight  side  of  the  belt  in  excess  of 
that  on  the  slack  slide,  and  the  radius  of  the  pulley  was  such  that 
one  revolution  corresponded  to  an  advance  of  the  belt  through 
3-63  feet  ;  in  this  case,  then,  the  work  done  per  revolution  was 
2705  X  3*63  foot-pounds  for  one  scale-division. 

From  this  it  will  be  seen  that  if  t  represents  the  number  of 
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scale  divisions  traversed  by  the  pointer,  and  n  the  number  of 
revolutions  per  minute,  then  the  power  applied 
_2705X3'63, 

33,000 

=0 '0002 98  X  »  X  T  horse-power. 
A  number  of  experiments  were  made  with  the  machines  in  the 
case  under  notice,  and  as  they  are  interesting,  the  full  results  of 
one  test,  as  furnished  by  the  experimenter,  are  appended. 

The  electrical  connections  were  made  as  in  fig.  247,  where  G 
and  F  g  represent  the  armature  and  field-magnet  of  the  generator, 

Fig.  247. 


^■^^y 


mmJ 


jymn 


and  M  and  Fm  those  of  the  motor,  both  the  machines  being 
shunt-wound.  The  heavy  lines  indicate  the  main  connections 
between  the  two  machines,  and,  in  order  to  measure  the  current, 
a  small  accurately  known  resistance,  r,  is  placed  in  the  main 
circuit ;  to  the  extremities  of  r  are  connected  wires  leading  from 
a  potentiometer,  by  means  of  which,  with  a  Clark  standard  cell, 
,the  potential  difference  between  the  ends  of  the  resistance  can  be 
.accurately  measured. 

This  potential  difference,  divided  by  the  resistance  (which  was 
in  this  case  0*0058  ohm),  would  give  the  current  flowing  through 
the  main  wire.     The  potepjial  difference  between  the  terminals 
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of  the  generator  was  measured  by  a  Thomson  graded  voltmeter, 
previously  standardised  by  a  Clark  cell. 

Now,  the  two  machines  were  exactly  alike,  and,  consequently, 
if  joined  in  opposition  (as  two  shunt  machines  must  be,  when  one 
is  required  to  drive  the  other),  and  then  driven  at  equal  speeds, 
no  current  would  flow  from  one  armature  to  the  other,  for  they 
would  generate  equal  e.m.f.'s,  or,  in  other  words,  the  counter- 
electro-motive  force  of  the  motor  would  be  equal  to  the  electro- 
motive force  of  the  generator.  For  this  reason,  it  is  necessary  to 
weaken  the  strength  of  the  motor  field,  in  order  to  enable  a  current 
to  be  urged  through  its  armature,  and  this  was  effected  by  placing 
a  set  of  variable  resistances,  p,  in  series  with  the  motor  field- 
magnet  coils  ;  and,  by  altering  this  resistance,  the  current  passing 
through  the  motor  armature  could  be  varied  at  pleasure.  The 
motor  field-magnet  coils,  together  with  p,  form  a  shunt  to  the 
generator  terminals  ;  the  motor  armature  thus  receiving  the  whole 
of  the  current  passing  through  r.  Since  the  resistances  of  the 
two  field-magnet  circuits  are  known,  jhe  current  in  each  can 
readily  be  calculated  after  the  potential  difference  at  the  generator 
terminals  has  been  measured. 

The  resistances  of  the  armatures  and  field-magnet  coils  of  the 
two  machines  were  : — 

Generator    .        .     Armature  .        .      0*009947  ohm. 
Field-magnets    .     16*93  » 

Motor .        .        .     Armature  .        .      0*009947     „ 
Field-magnets    .     1644  „ 

1.  The  two  dynamos  were  run  with  brushes  removed  and  with 
the  fields  unexcited. 

Scale  reading         =21*6  divisions. 
Revs,  per  minute  =  808. 
Horse-power         =  5*2. 

2.  The  two  fields  were  separately  excited,  and  the  dynamos 
driven,  still  with  the  brushes  off,  when 

Scale  reading        .         .         .         .  =  30  divisions. 

Revolutions  .        .        .        .  =  802. 

Shunt  current  in  field  of  generator  =  6*9  amperes. 

„  „  „     motor     .  =  67        „ 

Horse-power        .        ,        .        .  =  7-169. 
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3.  The  connections  were  made  as  in  fig.  247,  and  the  following 
results  were  obtained  : — 

E.M.F.  at  terminals  of  generator      .  =  1 10*12  volts. 
Main  current  .        .        .  =       358  amperes. 

Current  through  generator  magnets  =      6*50        „ 


Current  through  motor  magnets    . 
E.M.F.  at  terminals  of  motor  . 
Speed  of  machines 
Power  transmitted  by  belt     . 

= 

5-36 

10733  volts. 

764  revs,  per  minute. 
6602  watts  =  8*850  h..p. 

Hence — 

Total  power  given  to  generator 
Power  lost  in  armature  core  . 
Power  lost  in  generator  magnets   . 
Power  lost  in  generator  armature  . 

= 

42917  watts  =  57*53  h.-p. 

831      „     =    1*1 1     „ 

716      „     =    0-96     „ 

1360      „     =    1-823  „ 

And  therefore- 

Commercial  efficiency 
Loss  in  core      .    •    . 

„    magnets 

„     armature 

•  =  93*23  per  cent. 
.  =    194       „ 
.  =    1*66 
.  =    3-17 

Similarly  for  the  motor — 

Total  power  given  to  motor 
Power  lost  in  internal  friction  of 

core 

Power  lost  in  motor  magnets 
„         „         „      armature 

38886  watts  =  52*13  h.-p 
831      „     =     i-ii     „ 

472      „     =     0*63    „ 
1275      »     =     170    ,> 

And  therefore— 

Commercial  efficiency  of  motor  .        .  =  93'37  per  cent. 

Loss  in  core =    2*14      „ 

„      magnets  .         .         .        .  =    1*22       „ 

„      armature        .         .  .  =    3*27       „ 

The  loss  due  to  friction  of  the  bearings  and  one  or  two  un- 
important causes  has  then  to  be  determined  and  deducted,  to 
obtain  the  real  commercial  efficiency,  which,  after  this  deduction, 
was  found  to  be  :  motor  92*6  per  cent,  and  generator  92*5  per 
cent. 
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One  disadvantage  of  the  original  method  is  that  it  is  necessary 
to  have  two  approximately  similar  machines  in  order  to  perform 
the  test,  and  this  is  sometimes  inconvenient.  A  number  of  modifi- 
cations of  the  method  have,  however,  been  suggested,  the  measure- 
ment of  even  a  fraction  of  the  power  mechanically  being  in  some 
cases  avoided,  by  obtaining  the  extra  power  representing  the  total 
waste  by  means  of  a  small  motor,  and  measuring  the  amount  so 
supplied,  electrically. 

Any  one  of  the  alternate-current  dynamos  described  in  Chapter 
VIII.  can  be  used  as  a  motor  ;  that  is  to  say,  its  moving  parts  can 
be  caused  to  rotate,  and  mechanical  power  thereby  obtained  on 
the  armature  or  field-magnet  shaft,  as  the  case  may  be,  by  supply- 
ing power  electrically  by  means  of  a  suitable  alternating  current. 
Such  machines  have  some  important  advantages,  and  some  serious 
disadvantages.  The  chief  advantages  are,  first,  that  the  electrical 
power  can  better  be  supplied  at  a  high  potential  difference  with  a 
comparatively  small  current,  thus  minimising  the  loss  in  the  con- 
ducting leads  ;  and,  secondly,  that  the  machine  is  perfectly  self- 
regulating  as  regards  speed,  in  spite  of  load  variations,  for  it  keeps 
perfect  time  with  the  generator.  Its  speed  can  readily  be  varied  by 
varying  the  rate  of  alternation  of  the  supply  current,  but  this  method 
is  inconvenient  for  obtaining  frequent  speed  alterations,  and  im- 
practicable if  the  same  generator  is  supplying  more  than  one  motor. 
Since  so  much  distribution  for  lighting  purposes  is  now  being 
effected  by  alternating  currents,  the  necessity  for  a  perfectly 
satisfectory  alternating  motor  is  apparent,  but  up  to  the  present 
no  satisfactory  motor  is  available  for  general  use  on  such  a  circuit. 
The  principal  disadvantages  are  that  an  alternator  cannot  start 
itself,  as  can  a  direct-current  motor,  but  has  to  be  independently 
driven  up  to  the  speed  of  the  generator  ;  while  if  the  load  is  made 
excessive  the  motor  stops  entirely,  and  has  to  be  again  started  by 
some  external  means.  The  machine  will,  however,  make  great 
efforts  to  respond  to  any  extra  work  thrown  upon  it,  and  to  keep  in 
synchronism  with  the  generator,  but  will  surely  fail  immediately 
the  load  is  sufficient  to  drag  it  out  of  unison. 

It  is  extremely  inconvenient,  and  requires  considerable  power 
to  start  a  large  machine,  whence  any  device  to  facilitate  this  is 
very  welcome.     Perhaps  the  most  practical  method  yet  devised  is 


Digitized 


by  Google 


5o6  Electrical  Engineering  chap.  xn. 

that  due  to  Mr.  Mordey,  who  employs  for  the  purpose  the  small 
machine  used  to  excite  the  field-magnets.  This,  as  seen  in  fig. 
142,  is  coupled  direct  to  the  main-shaft,  and,  by  means  of  a  suit- 
able switching  arrangement,  its  current  is  at  times  made  to  pass 
through  and  charge  a  small  secondary  battery.  When  the  machine 
is  to  be  started  the  current  from  the  battery  is  passed  through  the 
exciter  for  a  minute  or  two,  converting  it  into  a  motor,  which  puts 
the  alternate  current  machine  into  rotation.  As  soon  as  synchron- 
ism between  the  alternate-current  motor  and  the  generator  is 
obtained,  the  former  is  switched  into  circuit  and  continues  to  run 
as  a  motor. 

Some  extremely  good  results  have  been  obtained  with  Mordey 
alternators  when  used  as  motors,  proving  them  to  be  quite  satis- 
factory for  classes  of  work  in  which  the  speed  does  not  require 
to  be  varied,  or  where  frequent  stoppages  are  not  necessary. 

From  these  motor  properties  of  an  alternator,  results  the  very 
important  fact  that  two  independently  driven  alternating  generators 
can  be  run  in  parallel,  that  is  to  say,  their  armatures  can  be  con- 
nected in  parallel  so  that  the  two  machines  can  jointly  supply 
power  to  the  external  curcuit.  It  is,  however,  essential  that  the 
two  machines  shall  give  the  same  rate  of  alternation,  and  also 
run  co-phasally,  that  is  to  say,  the  maximum  positive  electro- 
motive force,  and  also  the  maximum  negative  electro-motive  force 
of  the  two  machines  must  coincide  in  point  of  time.  Then 
the  resultant  e.m.f.  is  the  same  as  that  of  one,  while  the  current, 
and  also  the  power  developed,  will  be  doubled.  Now  the  remark- 
able fact  is,  that  the  two  machines  will  make  great  efforts  to  keep 
in  phase,  and  will  do  so,  even  if  the  mechanical  power  supplied  to 
one  is  increased  or  diminished  within  a  reasonable  limit.  To 
explain  this  extremely  important  mutual  action  we  may  remember 
that  the  reaction  between  the  armature  and  field-magnets  of  a 
direct-current  dynamo  when  used  as  a  generator  is  such  as  to 
tend  to  stop  the  rotation,  and  this  tendency  becomes  stronger  as 
the  current  in  the  armature  increases,  while  a  weakening  of  the 
current  of  course  reduces  the  resistance  to  rotation.  The  speed 
might  therefore  be  diminished  by  increasing  the  current  flowing 
through  the  armature,  by  some  external  means  ;  while  by  inserting 
an  opposing  e,m.f.  in  circuit,  and  reducing  the  current,  the  speed 
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could  be  increased;  and  this  variation  in  speed  actually  does 
take  place  in  practice  unless  the  engine  is  controlled  by  a  good 
governor.  Further,  if  the  opposing  E.M.F.  exceeded  that  deve- 
loped by  the  machine,  the  current  through  the  armature  would  be 
reversed,  and  the  machine  would  run  as  a  motor. 

Now,  these  effects  can  also  be  obtained  with  an  alternate-cur- 
rent dynamo.  That  is  to  say,  if  the  brief  currents  generated  by  it 
are  increased  in  strength,  the  tendency  will  be  for  the  machine  to 
slow  down,  while  if  an  opposing  alternating  e.m.f.  acts  in  such  a 
manner  as  to  reduce  these  currents,  the  machine  will  quicken  its 
speed  ;  and  it  will  run  as  a  motor,  doing  work  for  the  moment  on 
the  prime  mover,  if  the  opposing  e.m.f.  is  sufficient  to  determine 
a  current  in  the  reverse  direction. 

Now  when  two  alternators  are  driven  independently,  and 
coupled  in  parallel,  and  one  begins  to  lag  behind  the  other,  the 
maximum  e.m.f.  of  the  leading  machine  occurs  a  moment  earlier 
than  that  of  the  other,  and  consequently  a  heavy  current  flows 
from  the  leading  to  the  lagging  machine  for  a  very  brief  interval  of 
time.  This  current  being  opposite  in  direction  to  that  which  is 
then  being  generated  by  the  lagging  machine,  tends  to  drive  it  as 
a  motor  and  to  accelerate  its  speed  ;  or  if  the  difference  of  e.m.f. 
is  not  sufficient  to  set  up  a  reverse  current,  it  weakens  the  existing 
one,  with  the  effect  of  allowing  the  lagging  machine  to  catch  up, 
as  already  explained.  On  the  other  hand,  the  later  occurring 
E.M.F.  of  the  lagging  machine  will  tend  to  increase  the  current  in  the 
leading  one  and  consequently  to  pull  it  up.  These  reactions  will 
commence  immediately  the  alternators  tend  to  get  out  of  phase,  and 
in  well-designed  machines  the  effect  is  so  prompt  and  forcible  that 
they  run  together  perfectly,  in  spite  of  inequalities  in  the  driving. 
It  becomes  very  important,  therefore,  to  decide  what  qualities 
and  peculiarities  a  machine  should  possess  to  fit  it  for  parallel 
working.  Until  recently  it  had  been  supposed  that  it  was  abso- 
lutely necessary  for  such  a  machine  to  have  considerable  self- 
induction,  but  even  then  the  performance  was  admitted  to  be 
somewhat  difficult  and  uncertain.  Consequently,  an  armature 
without  an  iron  core,  and  with  few  convolutions,  was  deemed  to  be 
undesirable  ;  but  these  views  have  been  somewhat  shaken,  and, 
to  a  great  extent,   entirely  reversed,  by  the  researches  of  Mr. 
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Mordey.  That  gentleman  starts  with  the  assumption  that  since  the 
maintenance  of  synchronism  depends  upon  the  motor  properties  of 
the  two  alternators,  the  machine  best  fitted  for  parallel  working 
must  be  one  which  possesses  these  properties  to  a  high  degree. 

Consequently,  the  armature  should  have  little  resistance,  and 
very  little  self-induction,  and  then  the  transfer  of  power  by  means 
of  brief  currents  from  one  machine  to  the  other,  which  serves  to 
hasten  or  retard,  as  required,  takes  place  much  more  suddenly,  and 
the  regulating  action  is  much  more  prompt  and  forcible.  Of 
course,  the  armature  will  have  some  self-induction  and  some  re- 
sistance, but  it  is  satisfactory  to  know  that  neither  of  these  unde- 
sirable factors  need  be  made  abnormally  high,  merely  for  the 
sake  of  rendering  parallel  working  practicable.  It  is  probable, 
however,  that  there  is  a  limit  depending  upon  other  conditions, 
(such  as  the  rate  of  alternation,)  below  which  it  is  inadvisable  to 
reduce  the  self-induction,  and  that  some  definite  relationship 
between  self-induction  and  resistance  should  exist  for  any  given 
case  ;  but,  on  the  other  hand,  it  is  possible  that  this  limit  is  very 
low,  and  that  the  working  rule  will  be  to  make  the  two  factors 
concerned  as  low  as  is  practicable. 

In  the  Mordey  alternator,  which  has  no  iron  in  the  armature, 
self-induction  has  a  low  value,  so  low,  in  fact,  as  to  unfit  the  machine 
for  parallel  working  if  the  old  theory  were  correct  In  order  to 
support  his  views  on  the  subject,  the  inventor  made  an  exhaustive 
series  of  tests  with  two  of  these  machines,  each  being  similar  in 
appearance  to  that  depicted  in  fig.  14^,  but  having  an  output  of 
50  horse-power,  with  a  maximum  e.m.f.  of  2,000  volts,  at  a  speed 
of  1 20  revolutions  per  minute.  The  details  of  one  set  of  tests  are 
given  below.  It  should  be  noted  that  the  machines  were  driven 
by  two  independent  engines,  not  connected  in  any  way,  and  pro- 
vided with  heavy  fly-wheels  ;  each  engine  also  drove  a  heavy  set 
of  countershafts,  fitted  with  a  number  of  belts,  &c.,  so  that  the 
momentum  was  considerable. 

I.  The  alternators  were  run  up  to  full  speed,  and  each  excited 
to  give  2,000  volts.  When  in  phase  they  were  switched  in  parallel 
without  any  external  load,  and  without  the  insertion  of  any  self- 
induction  coils  or  resistance  between  them.  They  ran  in  parallel 
perfectly. 
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2.  A  considerable  inductionless  load  was  then  put  on,  varied, 
and  taken  off.     They  ran  equally  well  under  all  circumstances. 

3.  They  were  uncoupled,  and  then,  the  load  being  connected 
to  the  mains,  they  were  suddenly  and  simultaneously  switched 
in  parallel  and  on  to  the  mains  with  perfect  success. 

4.  One  alternator  was  excited  to  give  1,000  volts,  the  other 
giving  2,000  volts.  They  were  then  switched  in  parallel,  and  went 
into  step  perfectly,  giving  a  terminal  potential  difference  of  about 
1,500  volts.  No  extra  self-induction  or  resistance  was  inserted  in 
this  or  in  any  other  case.  A  load  was  then  put  on  without  affect- 
ing their  behaviour. 

5.  With  one  machine  at  1,000  volts  and  the  other  at  2,000  volts, 
they  were  switched  in  parallel  when  out  of  phase,  and  instantly 
went  into  step.  A  large  current  appeared  to  pass  between  them 
for  a  fraction  of  a  second,  but  not  nearly  long  enough  to  enable 
it  to  be  measured  or  to  do  any  harm. 

6.  They  were  then  left  running  in  parallel  while  one  was  dis- 
connected from  the  engine,  by  its  belt  being  shifted  from  the  fast 
to  a  loose  pulley.  It  continued  to  run  as  a  motor  synchronously. 
A  load  of  lamps  was  at  the  same  time  on  the  circuit, 

7.  The  two  machines  were  then  uncoupled  and  excited  up  to 
2,000  volts.  They  were  then  switched  in  parallel  when  out  of  phase 
and  without  any  external  load,  and  went  into  step  instantly. 

8.  Whilst  running  as  in  7,  steam  was  suddenly  and  entirely 
shut  off  one  engine.  The  alternators  kept  in  step  perfectly,  one 
acting  as  a  motor  and  driving  the  large  engine  and  all  the  heavy 
countershafting  and  belts.  It  was  impossible  to  tell,  except  by 
the  top  of  the  belt  becoming  tight  instead  of  the  bottom,  which 
machine  was  the  motor. 

To  find  the  power  exerted  by  the  alternator  acting  as  a  motor 
in  8,  a  direct  current  motor  was  put  in  its  place,  and  the  power 
required  to  drive  the  engine  and  shafting  was  found  to  be  20 
horse-power. 

The  above  results  speak  for  themselves ;  but  a  word  of  ex- 
planation may  be  given  with  respect  to  No.  5.  There  is  an  e.m.f. 
in  excess,  of  500  volts,  which  would  be  competent  to  send  an 
enormous  current  through  the  low  resistance  of  the  two  arma- 
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tiires,  the  low  self  induction  not  being  able  to  prevent  it,  even 
though  it  is  only  applied  in  the  same  direction  for  a  very  brief 
moment.  No  such  dangerous  current  was  observed,  and  there 
must  evidently  be  some  other  cause  to  prevent  or  modify  it  This 
rather  interesting  point  has  been  very  simply  explained  by 
Lord  Kelvin,  who  points  out  that  the  effect  of  a  sudden 
increase  of  the  current  at  any  instant  through  the  two  armatures, 
in  the  direction  determined  by  the  excess  of  E.M.F.  of  the  more 
powerful  machine,  is  to  tend  to  increase  the  strength  of  the  field 
of  the  weaker,  and  to  decrease  that  of  the  stronger  machine.  So 
that  although  a  strong  current  would  be  started  round  the  two 
armatures,  its  effect  would  be  to  immediately  strengthen  the  field 
of  the  I, coo- volt  and  oppose  that  of  the  2,000-volt  machine,  until 
the  E.M.F.  developed  by  each  would  have  nearly  the  same  value, 
viz.  1,500  volts.  This  brief  equalising  current  would  pass  twice 
for  every  complete  alternation. 

Almost  all  alternators  of  modern  construction  will  run  satis- 
factorily in  parallel,  but  it  may  be  noticed  that  the  massive  rotating 
parts  of  the  Mordey  machine  assist  in  rendering  it  suitable  for  this 
class  of  work.  In  any  such  machine  a  considerable  amount  of 
mechanical  inertia  tends  to  prevent  any  decided  variations  of  speed 
with  the  stroke  of  the  engine,  and  it  is  also  evident  that  a  fairly 
high  speed  engine,  or,  at  any  rate,  one  in  which  the  impulses  on  the 
crank  shaft  are  frequent,  is  best  suited  for  driving  alternators  which 
are  run  in  parallel. 

Although  there  can  be  little  doubt  that,  in  the  hands  of  an 
experienced  staff,  an  alternator  having  an  armature  whose  resistance 
and  self-induction  are  low  is  the  most  suitable  for  parallel  working, 
it  must  be  noted  that  a  source  of  danger  results  from  these  low 
values.  For  example,  should  the  field-magnet  circuit  of  any  one 
machine  be  accidentally  broken  while  that  machine  is  feeding  a 
circuit  in  parallel  with  other  machines,  the  faulty  machine  cannot 
then  be  driven  as  a  motor,  and  so  set  up  a  counter-E.M.F.  to  pre- 
vent the  passage  of  a  heavy  current ;  but  the  high  pressure  between 
the  mains  to  which  it  is  connected  will  immediately  urge  a  heavy 
current  through  its  armature.  So  suddenly  does  the  current  rise 
under  such  conditions  that   it   becomes  difficult  to  protect  the 
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armature  by  any  ordinary  safety  device,  and  there  is  a  con- 
siderable risk  not  only  of  burning  up  the  armature  of  the  faulty 
machine,  but  also  of  seriously  injuring  those  of  the  other  machines 
feeding  the  mains.  It  is  comparatively  easy  to  protect  an  armature 
having  considerable  self-induction,  as  any  ordinary  fuse  will  act 
before  the  current  can  rise  to  a  dangerous  value  in  opposition  to 
the  self-induction. 
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CHAPTER  XIII 

TRANSFORMERS 

When  it  is  desired  to  convey  energy  to  a  distance  by  means  of 
electricity,  either  for  the  purpose  of  producing  light  or  mechanical 
motion,  the  chief  problem  to  be  faced  is,  how  to  reduce  to  a 
minimum  the  waste  of  energy  during  the  transmission.  We  have 
seen  that  when  a  wire  is  used  to  convey  a  current,  the  rate  at 
which  energy  is  lost  in  that  wire  can  be  measured  by  multiplying 
together  the  current  strength  in  amperes  and  the  difference  of 
potential  between  the  ends  of  the  wire  in  volts,  the  result  being 
the  number  of  watts  so  expended.  And  since  the  potential 
diflference  is  equal  to  the  product  of  the  resistance  of  the  wire  and 
the  current  flowing,  the  loss  in  watts  may  also  be  calculated  as  the 
product  of  the  resistance  and  the  square  of  the  current  strength. 
That  is  to  say,  in  the  first  place  the  power  expended  in  any  part 
of  a  circuit  is  proportional  to  the  resistance  of  that  part  Sup- 
pose, for  example,  a  dynamo  were  employed  to  furnish  current  to 
a  number  of  lamps  arranged  in  parallel,  their  joint  resistance 
being  lo  ohms ;  then  if  the  resistance  of  the  machine  and  leads 
or  connecting  wires  were  also  lo  ohms,  exactly  as  much  power 
would  be  wasted,  as  would  be  usefully  expended  in  the  lamps,  a 
state  of  affairs  which  manifestly  could  not  be  tolerated  If  the 
resistance  of  the  machine  and  leads  were  reduced  to  i  ohm,  then 
the  power  wasted  would  be  one-tenth  of  that  usefully  employed, 
and  so  on. 

The  resistance  of  the  combination  to  which  power  has  to  be 
supplied  is,  as  a  rule,  extremely  low ;  and  when  the  lamps  or  motors 
are  joined  in  parallel,  the  current  carried  by  the  mains  is  equal  to 
the  sum  of  that  required  by  the  whole  of  them.     Consequently  the 
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resistance  of  these  mains  must  be  kept  extremely  low,  a  small  frac- 
tion of  an  ohm  in  fact,  otherwise  the  proportion  which  the  power 
wasted  bears  to  the  total  quantity  of  power  developed  becomes 
excessive.  To  keep  the  resistance  low,  copper  of  high  conductivity 
must  always  be  employed,  but  the  practical  limit  as  regards  sec- 
tional area  is  quickly  reached  on  account  of  the  high  price  of  that 
metal. 

Speaking  generally,  it  may  be  said  that  transmission  of  energy 
to  any  considerable  distance  by  electricity  is  not  economical,  if 
we  depend  upon  the  reduction  of  waste,  merely  by  increasing  the 
conductivity  of  the  leads.     Again  stating  the  case  as  : 

Watts  lost  =  c^R, 

where  R  is  the  combined  resistance  of  the  leads  and  generator, 
we  see  that  the  only  other  way  out  of  the  difficulty  is  to  reduce 
the  current  strength. 

If  this  can  be  done  the  advantage  is  very  decided ;  for,  by 
halving  the  current,  the  power  wasted  in  any  portion  of  the  circuit 
is  reduced  to  one-fourth.  It  may  not,  however,  be  evident  at  first 
sight,  how  with  this  reduced  current  the  same  amount  of  energy 
can  be  transmitted  in  an  equal  time. 

Digressing  for  a  moment,  in  order  to  introduce  an  analogy,  the 
student  will  probably  be  aware  that  in  transmitting  power  mecha- 
nically to  a  distance  by  a  slowly  moving  cable  or  rope,  it  is  imperative 
that  the  cable  and  the  rest  of  the  moving  parts  shall  be  very  strong 
and  massive,  and  consequently  the  power  lost  by  friction,  &c., 
becomes  enormous.  But  the  energy  transmitted  per  minute  is 
equal  to  the  pull  on  the  cable  in  pounds,  multiplied  by  the  distance 
in  feet  through  which  the  cable  moves  in  a  minute  ;  so  that,  by  hi- 
creasing  the  velocity  of  the  cable,  the  pull  thereon  can  be  reduced, 
and  the  strength  and  size  of  the  cable  and  of  the  other  moving 
parts  can  be  correspondingly  diminished,  without  reducing  the 
amount  of  energy  transmitted  per  minute.  It  is,  in  fact,  possible 
to  transmit  enormous  power  by  means  of  a  light  wire  cable,  if  it 
travels  with  sufficient  rapidity  ;  and  the  loss  due  to  friction  is 
obviously  reduced  with  the  reduction  in  size  and  weight  of  the 
moving  parts.  Even  if  it  is  essential  for  the  power  so  transmitted 
to  be  taken  for  actual  use  from  a  slowly  rotating  shaft,  it  is  still 
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economical  to  transmit  it  at  a  high  velocity,  and  effect  the  neces- 
sary reduction  in  speed  by  suitable  gearing. 

Somewhat  similarly,  very  great  power  can  be  conveyed  electri- 
cally by  a  comparatively  small  current  traversing  a  thin  wire,  if 
only  the  electric  pressure  or  potential  difference  is  sufficiently  high  ; 
for  the  power  in  watts  may  be  calculated  as  the  product  of  these 
two  factors  (current  strength  and  potential  difference),  and  no 
difference  in  the  amount  is  made  by  reducing  one  of  them,  if  the 
other  is  increased  in  like  proportion. 

But  unfortunately  it  rarely  happens  that  electrical  power  can 
be  utilised  at  a  high  pressure ;  for  instance,  no  volts  is  usually 
the  maximum  pressure  required  by  a  set  of  incandescent  lamps 
joined  up  in  parallel,  and  consequently  it  becomes  necessary  to 
employ,  if  possible,  some  arrangement  which  shall  perform  the  same 
function  as  does  mechanical  gearing  in  reducing  speed.  That  is 
to  say,  we  require  some  apparatus  competent  to  receive  electrical 
power  in  the  form  of  a  small  current  at  a  high  potential  difference, 
and  again  give  out  that  power  in  the  form  of  a  heavy  current,  and 
at  a  correspondingly  lower  potential  difference. 

It  is  possible  to  construct  such  apparatus ;  and  before  pro- 
ceeding further  we  may  notice  the  two  chief  points  to  be  borne  in 
mind  in  designing  it : — 

1.  The  proportions  of  the  parts  must  be  so  calculated  that 
the  reduction  is  effected  in  the  desired  ratio  ;  or,  the  value  of 
the  resulting  potential  difference  must  be  the  required  fraction  of 
that  applied  to  the  apparatus. 

2.  The  loss  in  power  during  the  conversion  must  be  kept  as 
low  as  practicable ;  that  is  to  say,  the  design  must  be  such  that 
the  efficiency  of  the  apparatus  is  high. 

The  conversion  from  a  high  to  a  lower  potential  is  rendered 
possible  by  the  fact,  already  fully  explained,  that  by  starting  or 
stopping  a  current  in  a  circuit,  a  brief  current  can  be  induced  in  a 
neighbouring  wire.  The  circuit  in  which  the  original  current  is 
started  or  stopped  is  called  the  'primary'  circuit,  while  that  in 
which  the  currents  are  induced  is  called  the  *  secondary '  circuit. 

In  order  to  obtain  the  maximum  effect,  it  is  necessary  to 
ensure  that  the  secondary  circuit  is  cut  by  as  many  as  possible  of 
the  lines  of  force  generated  by  the  primary.     The  best  method  is 
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to  wind  the  wire  in  two  coils,  and,  placing  them  close  together, 
to  provide  plenty  of  iron  in  the  vicinity  so  as  to  make  the  primary 
lines  of  force  extend  out  beyond  the  secondary  coil.  The  iron 
should  in  fact  form  a  closed  magnetic  circuit  of  low  resistance, 
embracing  both  coils.  The  iron  must  be  laminated,  as  in  the  case 
of  a  dynamo  armature  core,  to  avoid  as  far  as  possible  the  genera- 
tion of  eddy  currents  due  to  the  rapid  changes  in  the  number  and 
direction  of  the  lines  of  force  projected  through  the  iron  ;  and  the 
metal  employed  must  also  have  a  low  coercive  force,  to  minimise 
the  loss  by  hysteresis.  Instead  of  a  primary  current  which  merely 
rises  and  falls  in  strength,  an  alternating  current,  such  as  that 
developed  by  any  one  of  the  alternators  described  in  Chapter  VIII., 
may  with  advantage  be  and  usually  is  employed. 

Suppose  the  number  of  convolutions  in  the  two  coils  to  be 
equal ;  then  by  sending  a  rapidly  alternating  current  through  the 
primary,  an  alternating  current  of  about  the  same  strength  might 
be  obtained  in  the  secondary  coil.  Again,  the  secondary  might 
consist  of  a  great  length  of  wire  in  many  convolutions,  thin  wire 
being  employed  to  enable  it  to  be  kept  near  to  the  primary. 
In  this  case  the  primary  lines  of  force  would  cut  the  secondary 
circuit  many  times,  and  the  induced  e.m.f.  would  be  much  greater 
than  that  urging  the  current  through  the  primary.  But  since  the 
power  obtained  from  the  apparatus  cannot  be  greater  than  or  even 
equal  to  that  given  to  it,  a  corresponding  reduction  in  the  other 
factor  would  be  observed  ;  in  other  words,  while  the  e.m.f.  would 
be  enormously  increased,  the  current  would  be  far  feebler 
than  that  in  the  primary. 

The  student  is  probably  familiar  with  a  piece  of  apparatus 
known  as  an  *  induction  coiV  in  which  a  rapidly  interrupted  heavy 
current  of  low  E.M.F.  is  passed  through  a  few  turns  of  thick  wire, 
adjacent  to  an  enormous  number  of  turns  of  finer  wire.  A 
bundle  of  thin  varnished  iron  wire  serves  as  a  core,  and  a  very 
feeble  current  of  extremely  high  e.m.f.  can  be  obtained  in  the 
secondary  circuit.  Such  apparatus  has  proved  of  considerable 
value  in  experimental  researches ;  but  it  can  hardly  be  said  to 
have  any  very  great  importance  from  a  commercial  point  of 
view. 

We  are  far  more  concerned  with   the  effects  obtained  by 
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proceeding  in  the  reverse  order,  viz.  by  making  the  length  of  the 
primary  much  greater  than  that  of  the  secondary. 

Supposing,  for  instance,  we  use  the  fine  wire  coil  of  an  ordi- 
nary induction  coil  as  the  primary,  and  the  thick  wire  coil  as  the 
secondary ;  the  former  offers  considerable  resistance,  and  it  will 
require  a  high  e,m.f.  to  send  an  alternating  current  of  even  feeble 
strength  through  it.  But  on  measuring  the  resulting  current  in 
the  thick  wire  coil  (now  being  used  as  the  secondary),  it  will  be 
found  that  while  the  e.m.f.  is  low,  the  current  passing  through 
this  low  resistance  circuit  is  comparatively  very  heavy.  It  is  a  most 
important  fact  that  by  constructing  such  an  induction  coil  so  that 
nearly  all  the  primary  lines  of  force  can  effectively  cut  the  second- 
ary, the  secondary  e.m.f.  can  be  made  to  bear  nearly  the  same 
ratio  to  the  primary  e.m.f.  that  the  number  of  convolutions  in  the 
one  coil  bears  to  the  number  in  the  other.  Therefore,  by  making 
the  resistance  of  the  magnetic  circuit  very  low,  and  also  making 
the  electrical  resistance  of  the  secondary  circuit  very  low  indeed, 
so  that  but  little  loss  of  power  occurs  in  overcoming  its  resistance 
when  a  fairly  heavy  current  flows,  we  can  obtain  at  the  terminals 
of  the  latter  an  alternating  potential  difference  whose  average  value 
is,  under  all  circumstances,  practically  equal  to  a  definite  fraction 
of  the  average  of  the  alternating  potential  difference  maintained  at 
the  primary  terminals. 

For  instance,  if  the  primary  consists  of  i,ooo  turns  and  the 
secondary  of  lo,  and  a  current  of  i  ampere  passes  through  the 
primary  coil  while  the  potential  difference  is  500  volts,  then  the 
secondary  current  may  be  100  amperes,  and  the  induced  elm.f. 
rather  less  than  5  volts.  This  is  the  important  case  with  which 
we  have  to  deal,  for  it  thus  becomes  possible  to  effect  the 
much-desired  object  of  transmitting  electrical  power  at  a  high 
electrical  pressure,  and  employing  it  at  the  required  point  at  a 
lower  pressure.  A  piece  of  apparatus  which  is  capable  of 
effecting  this  transformation  from  high  to  low  pressure  is  called 
a  *  transformer.' 

The  first  transformer  was  constructed  in  1831  by  the  immortal 
Faraday.  The  principles  which  he  then  discovered,  of  the  re- 
markable action  of  a  varying  current  upon  an  adjacent  circuit,  are 
of  almost  inconceivable  importance  ;  while  the  method  of  con- 
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structing  his  original  transformer,  which  we  shall  briefly  describe, 
was  well  abreast  of  the  then  existing  practice. 

Faraday  procured  a  welded  ring  of  soft  round  bar  iron,  \  inch 
thick,  the  external  diameter  of  the  ring  being  6  inches.  Round 
one  part  of  this  ring  he  wound  about  72  feet  of  copper  wire, 
Tj^jj  inch  in  diameter,  in  three  superposed  helices,  the  distance  round 
the  ring  thus  covered  being  about  9  inches.  The  wire  was  bare, 
the  first  helix  being  insulated  from  the  iron  by  a  layer  of  calico  ;  and 
twine  was  wound  side  by  side  with  the  wire,  to  prevent  contact 
between  adjacent  convolutions.  Then  followed  another  layer  of 
calico,  over  which  was  wound  the  second  helix,  insulated  with 
twine  similarly  to  the  first,  then  another  layer  of  calico  followed 
by  the  third  helix,  the  whole  being  covered  by  calico.  The  ends 
of  each  helix  were  brought  out  so  that  the  three  coils  could  be 
used  separately,  or  conjointly,  in  series  or  in  parallel. 

On  the  other  half  of  the  ring  a  length  of  60  feet  of  copper 
wire  was  wound  in  two  equal  helices,  and  insulated  in  precisely 
the  same  manner  as  before.  These  two  coils  were  joined  in  series 
and  connected  to  a  galvanometer.  The  other  three  helices  were 
also  joined  in  series,  and  a  battery  connected  up  to  them.  The 
immediate  effect  of  making  this  latter  connection  was  seen  in  a 
violent  deflection  of  the  needle  of  the  galvanometer  placed  in  the 
'secondary'  circuit.  The  needle  quickly  came  to  rest  at  zero, 
but  was  deflected  momentarily  in  the  opposite  direction  on  the 
battery  being  disconnected  from  the  primary  circuit. 

The  lines  of  force  of  the  current  in  the  primary  coil  were,  of 
course,  conducted  round  by  the  iron  ring  through  the  secondary 
coil,  and  the  sudden  cutting  of  this  coil  by  them  gave  rise  to  the 
observed  currents.  As  might  be  expected,  however,  a  great  many 
of  the  lines  of  force  did  not  reach  the  secondary  coil,  and  Faraday 
obtained  a  more  violent  deflection  with  the  same  primary  current 
and  shorter  lengths  of  wire,  by  so  arranging  the  two  circuits  that 
nearly  all  the  lines  of  force  generated  were  able  to  cut  the 
secondary  circuit.  He  disconnected  the  two  helices  which  in  the 
previous  experiment  were  used  as  a  secondary  circuit,  and  in  their 
place  took  two  of  the  three  superposed  helices  on  the  other  half 
of  the  ring,  joining  them  in  series  and  to  the  galvanometer.  The 
battery  was  then  joined  to  the  third  helix,  which   formed  the 
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primary  circuit,  and  although  the  lengths  of  wire  were  so  much 
shorter,  rather  better  effects  were  obtained,  because  of  the  increase 
in  the  percentage  of  the  lines  of  force  usefully  employed.  Had 
Faraday  supplied  the  primary  circuit  with  a  rapidly  alternating 
current,  he  might  have  obtained  an  alternating  current  of  half  the 
strength,  and  of  corresponding  higher  electro-motive  force  in  the 
secondary  circuit ;  but  his  galvanometer  would  not  have  indicated 
the  presence  of  this  current  if  the  reversals  were  too  rapid  to  give 
the  needle  time  enough  to  move  with  each  pulsation.  By  using 
one  helix  for  the  secondary  and  two  for  the  primary,  the  secondary 
current  might  have  been  of  twice  the  strength  of  the  primary. 

We  may  repeat  that  a  transformer  should  be  so  designed  that 
it  can  effect  the  required  reduction  from  high  to  low  pressure  with 
as  little  waste  as  possible.  The  wires  of  the  two  circuits  should 
be  so  disposed  with  respect  to  each  other  that  the  greatest  possible 
number  of  the  primary  current's  lines  of  force  cut  the  secondary 
circuit,  while  if  iron  is  employed  to  assist  in  this  direction,  care 
must  be  taken  that  but  little  energy  is  lost  in  it  by  eddies  and 
hysteresis. 

To  reduce  the  loss  by  eddies  the  iron  must  be  laminated  at  right 
angles  to  the  path  which  they  tend  to  take,  while  it  must  be  left,  as 
far  as  possible,  continuous  in  the  direction  of  the  lines  themselves. 
Loss  by  hysteresis  increases  with  the  rapidity  with  which  the  current 
alternates,  and  with  the  density  of  the  lines  of  force  through,  and 
the  mass  of,  the  iron,  as  well  as  the  coercive  force  of  the  iron 
employed.  These  points  must  receive  due  consideration  when 
the  rate  of  alternation  and  the  mass  of  the  iron  in  the  core  are 
being  decided  upon.  The  maximum  number  of  lines  of  force 
per  square  centimetre  is  rarely  allowed  to  exceed  7,000  in  the 
case  of  a  transformer  core.  Attention  must  also  be  devoted  to 
such  points  as  economy  of  construction,  efficiency  of  insulation, 
and  the  facilities  for  the  escape  of  the  heat  which  is  the  evidence 
of  the  inevitable  loss  during  the  conversion. 

Perhaps  the  simplest  type  of  practical  transformer  is  a  slight 
modification  of  Faraday's  original  one.  An  iron  core  might  be 
entirely  overwound  with  a  few  layers  of  thick  insulated  copper  wire 
to  form  the  secondary  circuit,  and  a  number  of  layers  of  thinner 
wire  then  wound  over  this  to  form  the  primary.     Resistance  is  of 
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comparatively  small  importance  in  the  primary  coil,  but  it  must 
be  kept  low  in  the  other  coil,  because  that  carries  a  heavy  current. 

It  might  be  thought  that  some  advantage  would  be  derived  by 
interlacing  the  two  coils  so  as  to  bring  them  into  closer  proximity, 
but  this  cannot  be  done  in  practice  on  account  of  the  difficulty  in 
maintaining  effective  insulation.  The  potential  difference  between 
even  the  extreme  ends  of  the  secondary  coil  is  low,  and  little 
trouble  is  experienced  in  insulating  this  coil,  but  quite  the  reverse 
obtains  with  the  primary.  The  wire-covering  must  not  be  too  thick, 
otherwise  the  space  occupied  becomes  great,  but  the  utmost  care 
must  be  taken  to  avoid  bringing  into  proximity  any  convolutions 
separated  from  each  other  by  a  long  length  of  wire,  and  therefore 
having  a  high  potential  difference  between  them.  And  as  in 
practice  wires  connected  to  the  secondary  circuit  are  frequently 
led  into  places  where  they  can  be  and  are  handled,  every  precau- 
tion must  be  taken  to  effectually  insulate  the  secondary  from  the 
primary.  For  this  reason  the  two  coils  are  never  interlaced,  but 
are  wound  separately,  with  effective  insulation  between  them. 

The  simplest  way  of  laminating  the  iron  core  of  such  a  trans- 
former is  to  build  it  up  of  thin  iron  wire,  in  exactly  the  same 
manner  as  the  core  of  a  Gramme  ring.  In  fact,  a  Gramme  ring 
armature  having  a  large  number  of  convolutions  can  be  readily 
turned  into  a  very  fair  transformer,  by  using  two  or  three  equi- 
distant sections  joined  in  parallel  for  the  secondary  coil,  and  the 
remainder  in  series  for  the  primary.  Transformers  are  sometimes 
so  constructed  in  sections,  but  the  usual  way  is  to  wind  the 
wires  spirally  in  two  continuous  coils. 

The  rapid  reversals  of  magnetisation  which  take  place,  quickly 
heat  the  iron  core,  however  well  it  is  laminated.  This  heat  must 
escape,  and  since  the  iron  is  enveloped  by  copper,  the  heat  must 
be  imparted  to  the  copper  before  it  can  reach  the  external  air. 
This  heating  of  the  conductor  is  very  undesirable,  and  for  this 
and  several  other  reasons  it  is  preferable  to  place  the  iron  outside 
instead  of  inside  the  wire,  the  position  of  the  iron  being  quite 
immaterial,  provided  it  can  act  effectively  in  leading  the  lines  of 
force  through  the  desired  paths. 

In  fig.  248  is  illustrated  one  method  of  constructing  such  a 
tr^psform^r,     Its  external  appearance  is  ^hat  of  a  massive  ring  qf 
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small  internal  diameter,  and  in  the  figure  is  shown  a  section  taken 
through  a  diameter,  at  right  angles  to  the  plane  of  the  ring.  The 
primary  and  secondary  coils  are  each  wound  in  a  single  coil,  and 
lie  close  together  concentrically.  They  are  wrapped  round  with  an 
insulating  material,  and  over  this  is  wound  spirally  an  enormous 
quantity  of  soft  iron  wire.  The  inner  coil  of  thick  wire,  s  s,  is  the 
secondary,  while  the  primary  coil  of  thinner  wire,  p  p,  lies  outside 
it,  and  it  will  be  observed  that  the  depth  of  the  layer  of  iron  wire  is 
about  equal  to  the  diameter  of  the  compound  coil  of  copper  wire. 
Such  a  transformer  gives  fairly  good  results,  for  nearly  all  the 
primary  lines  of  force  extend  out  to  the  massive  iron  shell,  and  in 
so  doing  cut  the  secondary.  But  it  is  an  extremely  tedious  and 
F.G.  248.  expensive  piece  of 

apparatus  to  make 
on  a  large  scale,  on 
account  of  the  slow 
process  of  wind- 
ing the  enormous 
length  of  iron  wire. 
Further,  if  a  fault 
should  occur,  and 
faults  will  occur, 
it  becomes  neces- 
sary to  remove  the  whole  ot  the  iron  wire  before  the  coils  can  be 
got  at,  to  remedy  the  fault. 

Consequently  large  transformers  are  not  made  in  the  manner 
illustrated,  although  in  most  cases  the  principle  is  the  same. 
The  apparatus  usually  consists  of  two  coils  of  wire,  nearly  oblong 
in  shape,  lying  side  by  side,  with  an  easily  fixed,  and  easily 
removable  laminated  iron  covering. 

About  forty  years  ago  a  first-rate  method  of  constructing  a 
large  transformer  was  patented  by  C.  F.  Varley,  which  may  be 
regarded  as  a  combination  of  the  two  types  mentioned.  He  took 
a  bundle  of  iron  wires  of  approximately  equal  lengths,  and  over 
this  bundle  wound  the  primary  and  secondary  coils.  These  coils 
were  placed  in  the  middle  of  the  bundle,  and  extended  along  it 
for  a  distance  equal  to  one-third  of  its  length,  so  that  the  iron  wires 
protruded  from  each  end  to  a  distance  equal  to  the  length  of  the 
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coils.  The  ends  of  the  iron  wires  were  then  bent  round  over  the 
coils,  so  as  to  meet  and  overlap  each  other,  thus  completely  en- 
casing the  coils  with  iron,  except  at  one  place  through  which  the 
connecting  wires  were  led. 

But  the  necessity  for  large  transformers  did  not  then  exist,  and 
the  method  was  scarcely  at  all  employed.  It  is,  however,  some- 
what extensively  used  at  the  present  time,  because  of  the  ease 
with  which  the  iron  shell  can  be  fixed  or  removed.  The  highest 
practical  development  of  this  type  is  seen  in  the  Ferranti  trans- 

FiG.  249. 


former,  which  is  now  doing  heavy  work  in  London.  A  general 
view  of  a  Ferranti  transformer,  designed  to  receive  about  fifteen 
electrical  horse-power  at  a  high  potential  difference,  and  yield  a 
large  percentage  thereof  at  a  lower  potential  difference,  is  given  in 
fig.  249.  A  quantity  of  hoop-iron,  divided  into  six  bundles,  forms 
the  base  upon  which  the  essential  parts  of  the  apparatus  are  built 
up.  Over  the  middle  of  this  is  wound  a  layer  of  thick  insulated 
wire  or  strip,  to  form  the  secondary  coil.  The  finer  wire,  to  form 
the  primary  coil,  is  wound   on  a  convenient  frame  in  sections. 
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which  are  slipped  over  the  secondary,  and  carefully  insulated  from 
it  and  from  the  iron.  The  protruding  ends  of  the  hoop-iron 
bundles  are  then  bent  over  the  coils,  half  at  the  top  and  half  at 
the  bottom,  as  shown  in  the  figure,  their  ends  meeting  and  over- 
lapping for  a  short  distance.  The  whole  is  then  placed  in  a  cast- 
iron  framework,  made  in  two  pieces  and  securely  bolted  together, 
the  portions  of  the  coils  not  enveloped  by  the  laminated  iron 
being  covered,  mainly  for  purposes  of  protection,  by  large  shields, 
which  are  cast  with  the  frames. 

The  lamination  is,  of  course,  not  so  effective  as  if  iron  wires 
were  employed,  or  as  if  the  iron  bands  were  placed  edge-on  to  tlie 
direction  of  the  lines  of  force  ;  but  the  construction  is  very  easy, 
and  the  spaces  left  between  the  bundles  of  hoop-iron  greatly 
facilitate  the  escape  of  the  heat  developed. 

The  magnetic  circuit  of  many  transformers  is  built  up  of  a 
number  of  flat  plates  of  sheet-iron,  placed  so  that  the  plane  of  the 
sheet  shall  be  as  far  as  possible  parallel  to  the  direction  in  which 
the  lines  of  force  are  thrust  through  the  iron.  They  are  usually 
insulated  by  a  thin  coating  of  varnish,  or  by  paper,  or  sometimes 
calico,  and  the  devices  by  which  such  plates  may  be  cheaply 
made  and  placed  in  position  are  very  numerous.  As  they  differ 
but  little  in  principle,  we  need  select  only  two  patterns  for  de- 
scription. 

Two  general  views  of  the  Mordey  type  of  transformer,  wnthout 
an  external  casing,  are  given  in  fig.  250.  The  thin  iron  plates  are 
oblong  stampings,  and  an  oblong  strip  is  stamped  out  of  the 
middle  of  each,  exactly  equal  in  length  to  the  breadth  of  the 
original  plate.  When  this  strip  is  placed  across  the  middle  of  the 
plate  its  ends  just  reach  to  the  edges  thereof,  leaving  two  rect- 
angular openings,  one  on  either  side  of  the  strip,  which  are 
subsequently  occupied  by  the  wire.  The  primary  and  secondary 
coils  are  wound  separately  on  a  frame  of  such  a  shape  that  each 
coil  consists  of  two  parallel  straight  portions,  with  rounded  ends, 
the  section  being  rectangular  and  of  such  size  that  the  two  coils 
when  placed  one  over  the  other  just  fill  the  openings  in  the  plates 
previously  referred  to.  The  larger  stampings  are  slipped  one  by 
one  over  the  coils,  alternating  with  the  narrower  strips  which  are 
threaded  through  the  coils,  the  coils,  with  the  exception  of  their 
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rounded  ends,  being  in  this  way  completely  encased  in  iron. 
When  the  requisite  number  of  plates  have  been  placed  in  position, 
they  are  clamped 
tightly  together 
between  two  cast- 
iron  end  -  plates, 
held  by  bolts  and 
nuts,  as  shown  in 
the  figure.  The  ap- 
paratus can  either 
be  fixed  to  the 
wall,  suspended 
from  the  roof,  or 
screwed  down  to 
the  floor,  as  may 
be  convenient. 

There  is  a 
small  air-space  be- 
tween the  ends  of 
the  plates,  whence 
the  surface  avail- 
able for  dissipation 
of  heat  is  consider- 
able. 

Onthe  end  face 
of  the  transformer 
shown  in  fig.  250 
four  terminals  are 
shown,  two  for  the 
primary  coil  and 
two  for  the  secon- 
dary. But  in  the 
more  recent  appa- 
ratus the  secon- 
dary coil  is  wound 
in  two  equal  sec- 
tions, the  ends  of 
each  section  being 
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brought  out  to  separate  terminals,  so  that  each  transformer  has  two 
primary  terminals  and  four  secondary  terminals.  The  two  sections 
of  the  secondary  coil  may  then  be  connected  either  in  series,  or 
in  parallel,  or  even  employed  to  feed  a  *  three- wire  system,'  as  will 
be  explained  in  the  concluding  chapter.  One  size  of  this  type 
of  transformer,  for  example,  is  designed  to  be  connected  across 
primary  mains  which  are  maintained  at  a  potential  difference  of 
2,000  volts,  and  when  the  secondary  coils  are  joined  in  parallel 
they  give  a  heav)'  current  at  a  pressure  of  50  volts  ;  while  when 

they  are  connected  in  series  they  fur- 
nish a  current  of  half  the  strength  at 
a  potential  difference  of  100  volts. 

Except  for  experimental  work, 
transformers  are  usually  enclosed  in 
cast-iron  cases,  and,  as  an  additional 
precaution,  they  are  frequently  fur- 
ther protected  by  an  earth-connected 
galvanized-iron  wire  cage. 

In  fig.  25 1  is  illustrated  the  trans- 
former designed  and  constructed  by 
Mr.  J.  G.  Statter.  A  section  is  given 
in  fig.  252. 

The  iron  stampings  (fig.  252)  are 

nearly  square  in  shape,  and  two 

oblong  pieces  are  stamped  out  of 

each  to  form  the  spaces  in  which 

the  wire  is  placed,     s  s  is  the  thick 

secondary  coil,   while  p  p  is    the 

primary,  and   these   two  coils  are 

wound  to  the  proper  shape  on  a  suitable  mould  or  frame,  and 

placed  one  over  the  other  as  indicated  in  the  figure.     The  strip  t 

of  each  stamping  is  divided  from  the  plate  at  one  end,  along  the 

line  a  b.   In  building  up  the  transformer  the  tongue  t  thus  formed 

is  bent  at  right  angles  to  the  plate,  which  can  then  be  slipped 

over  the  coils,  and  the  tongue  restored  to  its  normal  posiuon. 

A  large  number  of  these  thin  plates  being  similarly  slipped  on, 

the  wire  is  surrounded  on  all  sides  by  iron. 

Two  strong  cast-iron  end-plates,  and  four  bolts,  hold  the  thin 
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plates  in  position,  and  form  a  protective  covering  to  the  otherwise 
exposed  ends  of  the  coils.  They  are  also  provided  with  flanges 
and  bolt-holes  for  fixing  the  transformer  in  any  required  position. 
The  end-plates  are  frequently  fitted  with  an  extra  flange,  as 
indicated  by  the  dotted  lines,  to  which  is  screwed  a  wooden  case, 
with  a  glass  front,  providing  accommodation  for  a  safety  fuse,  and 

Fig.  252. 


also  a  double-pole  switch,  by  means  of  which  both  wires  leading 
to  the  primary  coil  can  be  simultaneously  disconnected. 

These  transformers  are  made  in  a  variety  of  sizes,  but  the 
most  frequent  are  those  capable  of  transforming  down  from  2,000 
volts  to  100  volts,  2,000  to  50,  1,000  to  100,  and  1,000  to  50. 

Transformers  have  been  put  to  a  novel  and  interesting  use  by 
Professor  Elihu  Thomson,  who  employs  them  for  the  purpose  of 
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obtaining  the  very  heavy  currents  which  are  necessary  in  his 
method  of  electric  welding.  This  method  consists  in  placing  the 
two  pieces  of  metal  required  to  be  welded  end  to  end,  and  sub- 
jecting them  to  moderate  pressure  against  each  other.  A  very 
heavy  current  is  then  passed  from  one  to  the  other,  and  as  they  make 
imperfect  contact  at  their  opposing  surfaces,  considerable  resist- 
ance is  there  offered  to  the  passage  of  the  current,  and  a  very 
intense  heat  is  consequently  developed  at  the  point  where  it  is 
required  to  make  the  weld.  If  the  current  is  sufficiently  strong, 
the  opposing  surfaces  get  white  hot,  and  being  pressed  together 
they  unite  perfectly,  bulging  out,  however,  round  the  edges.  It  is 
necessary  that  the  surfaces  should  be  perfectly  clean,  and  a  flux, 
the  composition  of  which  depends  upon  the  nature  of  the  metals 
to  be  welded,  is  usually  employed  to  prevent  the  oxidation  of  the 
surfaces  and  so  render  the  weld  more  perfect.  In  the  case  of 
iron,  a  little  borax  is  sprinkled  over  the  ends  of  the  rods. 

But  in  order  to  sufficiently  raise  the  temperature  of  thick  rods 
of  metal,  enormous  currents  are  required  ;  for  instance,  a  current 
of  about  20,000  amperes  would  be  required  to  weld  a  steel  rod 
seven-eighths  of  an  inch  thick.  In  such  a  case  the  resistance 
of  the  current  generator  must  be  extremely  small,  otherwise  the 
power  absorbed  in  it  would  amount  to  many  horse-power. 

Secondary  batteries  might  be  employed  for  the  smaller  cur- 
rents, but  the  most  economical  method  is  to  generate  an  alter- 
nating current  by  means  of  a  dynamo,  at  a  fairly  high  E.M.F., 
and,  reducing  this  to  a  lower  e.m.f.  by  means  of  a  transformer, 
obtain  at  the  same  time  an  increase  in  the  current  strength. 

Various  types  of  transformer  have  been  employed  for  the  pur- 
pose, one  form  being  illustrated  by  the  diagram  in  fig.  253.  The 
primary  coil,  p,  is  composed  of  a  number  of  turns  of  wire,  wound 
in  a  circular  coil ;  the  secondary  consists  of  a  single  massive 
copper  strip,  s  s,  bent  into  a  circular  form,  and  placed  concentric- 
ally with  the  primary  coil.  Over  the  two  coils  is  wound  a  quantity 
of  iron  wire,  11,  in  two  masses,  space  being  left  between  them 
on  one  side,  for  the  passage  of  the  wires  leading  to  the  primary 
coil,  and  on  the  other  side,  to  bring  out  the  massive  straight  bars 
forming  the  ends  of  the  primary  coil.  The  bars  can  be  held  open 
by  means  of  the  screw  at  k  ;  their  extremities  being  provided -with 


Digitized 


by  Google 


CHAP.  XIII.  Transformer  for   Welding  527 

massive  clamps,  c  c',  in  which  the  pieces  to  be  welded,  \\  b',  are 
fixed.  A  spiral  spring  at  z  presses  the  ends  together,  the  pressure 
being  regulated  by  means  of  the  screw  at  j.  There  are  several 
modifications  of  this  apparatus  for  performing  special  classes 
of  work,  the  principle,  however,  being  in  nearly  all  cases  the  one 
illustrated.  More 

elaborate  mechanical 
contrivances  are  fre- 
quently introduced 
for  clamping  the  rods 
or  tubes  to  be  welded, 
and  for  regulating 
the  pressure  at  the 
junction. 

For  ordinary  work 
a  current  of  12,000  * 

amperes  is  the  maxi- 
mum required,  and 
in  such  a  case  the 
power  is  usually  sup- 
plied to  the  primary 
at  an  e.m.f.  of  about 
600  volts,  the  current 
being  twenty  amperes. 
A  certain  amount  of 
this  power  is,  of 
course,  lost  during 
the  conversion  ;  but 
a  current  of  12,000 
amperes  at  an  e.m.f. 

of  nearly  one  volt  can  ' 

be  obtained  in  the 
secondary  circuit. 

It  is  important  to  observe  the  reason  for  most  of  the  heat  being 
developed  at  the  proper  point.  When  the  current  is  started  in  the 
secondary  circuit,  the  resistance  at  the  junction  is  far  greater  than 
the  resistance  of  the  whole  of  the  remainder  of  the  circuit ;  con- 
sequently the  fall  of  potential  there  is  comparatively  very  great, 
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that  is,  nearly  the  whole  of  the  power  appearing  in  the  secondary 
is  expended  in  overcoming  the  resistance  at  the  opposing  surfaces. 
These  surfaces  get  hot,  and  being  pressed  together,  they  then  make 
much  better  contact.  The  rise  in  temperature,  however,  consider- 
ably increases  the  resistance,  and  consequently  the  expenditure  of 
power  at  this  point  is  still  proportionally  great.  The  ease  with 
which  the  heat  can  be  confined  to  any  particular  locality  consti- 
tutes one  great  advantage  of  the  method.  It  is  usual  to  quickly 
remove  the  welded  pieces,  and  hammer  the  joint  into  shape  on  an 
anvil.  The  clamps  make  contact  with  a  large  surface,  to  avoid,  as  far 
as  possible,  the  introduction  of  resistance,  and  they  are  so  designed 
that  the  removal  of  the  welded  rods  can  be  speedily  effected. 

There  are  two  distinct  methods  of  distributing  power  to  a 
number  of  transformers,  each  of  which  has  several  important  ad- 
vantages to  recommend  it.  First,  the  whole  of  the  transformers 
may  be  joined  in  series,  and  a  constant  current  sent  through 
the  whole  of  the  primary  coils.  Secondly,  they  may  all  be  con- 
nected in  parallel  between  two  main  leads,  which  are  kept  at  a 
constant  potential  difference,  so  that  the  difference  of  potential 
between  the  ends  of  all  the  primary  coils  is  always  the  same. 

The  former  is  in  some  cases  the  more  economical  as  regards 
main  conductors,  for  the  maximum  current  in  them  is  only  equal 
to  that  supplied  to  one  transformer,  and  is  the  same  when  the 
maximum  amount  of  work  is  being  done  as  it  is  during  any  smaller 
demand.  But  a  generator  is  required  which  will  supply  a  constant 
(alternating)  current,  under  all  variations  in  the  external  circuit ; 
and  as  such  a  machine  does  not  at  present  exist,  it  becomes 
necessary  to  employ  somewhat  unsatisfactory  hand  regulating 
devices.  Difficulties  also  arise  with  regard  to  the  regulation  in  the 
secondary  circuit. 

The  E.M.F.  appearing  in  the  secondary  circuit  varies  directly 
with  the  strength  of  the  primary  current.  It  also  depends  upon  the 
number  of  convolutions  in  the  two  coils,  and  the  goodness  of  the 
magnetic  circuit  (that  is,  upon  the  mutual  induction  between  the 
two  coils),  and  also  upon  the  rate  of  alternation  ;  but  as  these 
quantities  are  usually  fixed  for  any  given  transformer,  we  may 
say  that  the  secondary  E.M.F.  varies  simply  with  the  current  passing 
through  the  primary.     The  strength  of  the  secondary  current,  how- 
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ever,  will  depend  largely  upon  the  resistance  of  the  secondary 
circuit.  Now  in  the  case  of  a  series  transformer  the  primary 
current  is  kept  constant,  therefore  the  secondary  e.m.f.  is  also  con- 
stant, and  manifestly  we  cannot  maintain  a  constant  potential 
difference  at  the  secondary  terminals,  nor  a  constant  secondary 
current,  if  the  secondary  resistance  is  in  any  way  varied.  Were 
the  lamps  joined  up  in  parallel,  therefore,  it  would  be  necessary, 
on  cutting  any  one  of  them  out,  to  substitute  an  equivalent  resist- 
ance, which  would  of  course  be  wasteful. 

The  mutual  induction  might  be,  and  in  fact  has  been,  varied  to 
suit  changing  conditions  by  providing  an  adjustable  core  ;  but  this 
is  also  unsatisfactory. 

A  better  plan  is  to  join  either  arc  or  low-resistance  incandescent 
lamps  in  series,  and  on  removing  one  to  replace  it  by  a  resistance 
coil,  or,  preferably,  by  a  choking  coil,  that  is  to  say,  by  a  coil  of 
wire  provided  with  an  iron  core,  and  having  considerable  self-in- 
duction. Its  apparent  resistance  should  be  equal  to  that  of  the 
lamp  which  it  replaces. 

In  such  a  series  transformer  the  number  of  turns  in  the 
secondary  is,  as  a  rule,  equal  to  that  in  the  primary,  through 
which  a  current  of  10  amperes  is  maintained. 

But  if  the  transformers  are  joined  up  in  parallel,  and  a  con- 
stant (alternating)  potential  difference  is  maintained  between  the 
mains  across  which  their  primary  coils  are  connected,  then  an 
almost  constant  potential  difference  can  be  obtained  in  the  second- 
ary circuit,  even  though  the  resistance  therein  be  considerably 
varied.  The  lamps  can  be  joined  in  parallel,  and  if  the  transformer 
is  properly  designed  it  will  be  almost  self-regulating ;  for  the  current 
passing  through  the  primary,  and  therefore  also  the  secondary 
E.M.F.,  will  be  almost  proportional  to  the  number  of  lamps  thrown 
in  circuit,  that  is,  inversely  proportional  to  the  secondary  resist- 
ance. 

The  reactions  which  cause  this  self-regulation  are  very  impor- 
tant and  interesting,  and  in  order  to  better  understand  them  the 
student  may,  with  advantage,  again  read  some  of  the  remarks 
concerning  self-induction,  &c.,  in  Chapter  VII. 

On  considering  the  construction  of  either  of  the  parallel  trans- 
formers just  described,  it  will  be  apparent  that  since  the  primary 
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coil  consists  of  many  convolutions,  and  is  almost  completely  sur- 
rounded by  a  mass  of  soft  iron,  the  conditions  for  enormous  self- 
induction  exist.  ,In  fact,  supposing  the  secondary  circuit  for  the 
moment  to  be  absent,  or  disconnected,  the  self-induction  is  so  great 
that  an  appreciable  interval  of  time  elapses,  before  a  current  in  the 
primary  rises  to  its  full  value,  although  the  potential  difference 
may  be  high.  And  if  the  potential  difference  be  rapidly  alternated, 
it  will  not  remain  constant  in  one  direction  long  enough  to  allow  any 
appreciable  current  to  be  forced  through  the  coil.  But  supposing 
the  secondary  circuit  is  completed  through  a  rather  low  resistance, 
so  that  it  is  possible  for  fairly  strong  currents  to  flow  therein,  then 
the  conditions  are  altered.  For  directly  a  current  commences  to 
flow  in  the  primary  coil,  the  lines  of  force  springing  out  from  the 
wire,  not  only  cut  the  neighbouring  convolutions  of  that  coil 
tending  to  give  the  effect  known  as  self-induction,  but  also  cut, 
and  set  up  an  opposite  current  in  the  secondary.  The  lines  of 
force  due  to  this  secondary  current  re-act  on  the  primary  coil 
(see  fig.  119)  in  just  the  opposite  sense  to  its  own  lines  of  force, 
tending  thereby  to  neutralise  the  self-inductive  effect,  and  allowing 
the  primary  current  to  rise  rapidly.  Although  the  length  of  the 
secondary  is  less  than  that  of  the  primary,  the  current  flowing 
through  it  is  much  greater,  which  may  be  expressed  by  saying 
that  the  lines  of  force  per  unit  of  length  are  more  numerous. 
Consequently,  if  the  secondary  resistance  is  ver)'  low,  allow- 
ing strong  currents  to  flow,  this  reaction  is  competent  to  reduce 
the  apparent  primary  self-induction  to  a  comparatively  small 
value. 

If  then  a  number  of  lamps  are  joined  in  parallel  in  the 
secondary  circuit,  an  increase  in  the  number  switched  in  means  an 
inciease  in  the  secondary  current,  and  a  corresponding  increase  in 
its  reaction  on  the  primary,  which  allows  a  greater  current  strength 
to  be  attained  therein  ;  while  when  all  the  lamps  are  cut  out,  the 
primary  self-induction  is  sufficient  to  throttle  or  choke  back  the 
current  almost  entirely.  On  account  of  these  remarkable  self- 
regulating  properties,  nearly  all  distribution  is  performed  by  means 
of  transformers  joined  in  parallel.  Although  the  size  of  the  mains 
is  somewhat  larger  than  on  the  other  system,  the  advantages  far 
more  than  counterbalance  this  objection,  and  it  is  a  comparatively 
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easy  matter  to  obtain  an  alternating  generator  which  can  main- 
tain a  constant  potential  difference. 

By  regarding  the  action  of  the  primary  upon  the  secondary 
coil  m  the  manner  developed  in  Chapter  VII.,  it  will  be  at  once 
apparent  that  the  currents  in  the  two  coils  are  always  in  opposite 
phase  ;  in  fact,  in  an  ordinary  transformer,  the  secondary  negative 
maximum  occurs  almost  simultaneously  with  the  primary  positive 
maximum,  and  vice  versd. 

In  all  cases  great  care  must  be  taken  to  avoid  a  leakage  from 
the  primary  to  the  secondary  circuit,  for  a  potential  difference 
of  several  thousand  volts,  such  as  is  frequently  employed,  might 
cause  a  fatal  accident  in  the  actual  lamp  circuit  should  any  other 
point  in  the  primary  circuit  be  making  earth  at  the  same  time. 
Many  safety  devices  have  been  suggested,  one  being  the  inter- 
position of  an  earth -connected  metal  sheathing  between  the  two 
coils ;  so  that  any  breakdown  in  the  insulation  would  cause  a 
current  to  flow  to  earth  sufficiently  strong  to  melt  a  safety  fuse  in 
the  primary,  and  thus  disconnect  that  particular  transformer  with- 
out interfering  with  others  working  in  parallel  with  it. 

Such  a  fuse  would  also  act  if  by  any  means  the  apparatus  got 
short-circuited  ;  and  something  of  the  kind  is  essential,  for  other- 
wise not  only  would  all  the  transformers  be  deprived  of  power,  but 
the  heavy  current  which  would  result  might  cause  serious  damage. 

The  metal  sheathing  referred  to  should  be  insulated  with  ex- 
treme care,  and  must  not  form  a  closed  metallic  gircuit  round  the 
inner  coil,  otherwise  powerful  eddy  currents  would  be  induced  in  it. 

Another  safety  device  is  due  to  Major  Cardew.  Between  two 
horizontal  stout  brass  plates  is  placed  a  strip  of  aluminium  foil, 
one  end  of  which  is  free  while  the  other  is  attached  to  the  lower 
brass  plate,  which  is  in  its  turn  connected  to  earth.  The  upper 
plate  is  connected  to  the  secondary  coil,  so  that  should  this 
plate  assume  a  much  higher  potential  than  the  earth,  the  foil 
would  be  raised  by  electrostatic  attraction,  and,  touching  the  upper 
plate,  would  short-circuit  the  secondary  coil.  This  would  allow 
a  sufficiently  strong  current  to  pass  through  the  primary  to  melt  a 
fuse  placed  in  the  circuit,  and  in  that  way  cut  out  the  transformer. 
If  the  primary  circuit  is  making  earth  at  any  point,  and  any 
leakage  occurs  between  the  primary  and  the  secondary,  the  upper 
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brass  plate  is  immediately  raised  to  a  sufficiently  high  potential 
to  attract  the  foil,  and  cut  out  the  transformer  in  the  manner 
described.  It  cannot,  however,  be  too  strongly  insisted  upon  that 
any  such  earth  connection  is  a  serious  source  of  danger  unless  the 
earth  connection  is  good  and  absolutely  reliable — that  is  to  say, 
unless  there  is  no  appreciable  resistance  between  the  earth  and  the 
point  required  to  be  connected  thereto.  We  have,  for  example, 
met  with  more  than  one  instance  where  the  earth,  although  good 
in  wet  weather,  became  ineffective  in  dry  weather,  the  resistance 
to  earth  being  so  great  that  in  the  event  of  even  a  slight  leak  the 
conditions  were  established  for  serious  shock  to  be  obtained. 

Independently  of  any  earthing  devices  to  guard  against  leakage 
from  the  primary  to  the  secondary  circuit,  fuses  should  be  inserted 
in  the  two  primary  as  well  as  in  the  two  secondary  leads.  These 
fuses  should  be  placed  as  close  as  possible  to  the  transformer, 
and  the  two  in  the  primary  circuit  should  be  sufficiently  long  to 
avoid  any  risk  of  the  high  pressure  setting  up  and  maintaining  an 
arc  between  the  fuse  terminals  after  the  fuse  itself  has  been  de- 
stroyed. 

Hitherto  when  comparing  alternating  currents  with  direct 
currents,  we  have  considered  only  the  simple  average  value  of  the 
former.  But  it  is  important  to  note  that  in  cases  where  it  is 
required  to  compare  alternating  and  direct  currents  with  respect 
to  their  capabilities  of  performing  work,  this  simple  average  value 
of  an  alternating  current  does  not  enable  us  to  directly  effect  the 
comparison.  For  example,  if  a  current  varies  according  to  the 
sine  law,  its  average  value  is  0*637  of  its  maximum  value — that  is 
to  say,  if  its  maximum  strength  is  one  ampere,  its  average  strength 
is  0-637  ampere.  But  if  a  steady  current  of  0*637  ampere  is 
maintained  through  an  incandescent  lamp,  the  lamp  is  less 
brilliantly  lighted  than  by  an  alternating  current  whose  maximum 
reaches  one  ampere,  and  whose  average  value  is  therefore  0*637 
ampere,  which  clearly  shows  that  more  work  is  being  done  in 
the  latter  than  in  the  former  case.  This  arises  from  the  fact  that 
the  work  performed  at  any  instant  varies  as  the  square  of  the 
current  strength  at  that  instant,  and  the  average  of  the  square  of 
the  current  at  every  instant  is  greater  than  the  square  of  its  average 
value.     In  fact,  in  the  case  of  a  current  varying  according  to  the 
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sine  law  and  with  a  maximum  value  of  one  ampere,  if  the  current 
strength  at  every  instant  be  squared,  the  average  value  of  these 
squares  will  be  0*5,  the  square  root  of  which  is  0707.  Conse- 
quently such  a  current  is  equivalent,  as  regards  heating  or  the 
performance  of  other  work,  to  a  steady  current  of  0707  ampere. 
Precisely  the  same  argument  applies  with  respect  to  electro-motive 
force,  and  to  avoid  misunderstanding  it  is  usual  to  refer  to  this 
*  square  root  of  the  mean  square '  value  of  an  alternating  current 
or  pressure  as  the  *  virtual '  amperes  or  volts,  as  the  case  may  be. 

It  may  be  noted,  for  example,  that  a  Siemens  dynamometer 
indicates  virtual  amperes,  since  the  force  of  attraction  is  at  any 
moment  proportional  to  the  square  of  the  current  strength  ;  while 
for  a  similar  reason  an  electrostatic  voltmeter  indicates  virtual 
volts.  Similarly,  a  hot-wire  voltmeter  indicates  virtual  volts,  because 
the  heat  developed  in  the  wire  is  at  every  instant  proportional  to 
the  square  of  the  current  strength,  and  this  square  varies  with  the 
square  of  the  pressure. 

In  the  case  of  any  circuit,  or  portion  thereof,  having  no  self- 
induction,  the  virtual  volts  multiplied  by  the  virtual  amperes  will 
give  a  correct  value  for  the  power  being  expended  therein,  because 
the  current  rises  and  falls  simultaneously  with  the  pressure  ;  but 
the  presence  of  self-induction  causes  the  current  to  lag  behind  the 
electro- motive  force,  so  that  while  at  one  moment  both  current 
and  pressure  may  be  acting  in  the  same  direction,  at  the  next 
moment  the  current  will  be  positive  and  the  electro- motive  force 
negative,  or  vice  versd.  Now  work  is  actually  done  in  the  circuit 
only  during  the  time  that  the  current  and  pressure  are  in  the  same 
direction,  and  in  order  to  obtain  the  true  value  of  the  work  done 
in  a  circuit  having  self-induction  a  correcting  factor  must  be  ap- 
plied. This  factor  must  reduce  the  product  of  the  virtual  amperes 
and  virtual  volts  in  a  degree  which  increases  with  the  lag  of  the 
current  behind  the  pressure,  and  it  can  be  shown  that  the  required 
reduction  is  effected  if  the  product  of  virtual  amperes  and  volts  be 
multiplied  by  the  *  cosine  of  the  angle  of  lag.'  For  instance,  if  the 
angle  of  lag  were  10°  (the  cosine  of  which  is  0*985),  and  the  virtual 
amperes  and  volts  10  and  50  respectively,  the  power  expended 
would  be  10x50  X  0*985 =492 '5  watts.  In  the  extreme  case, 
which  can  never  be  perfectly  attained  in  practice,  where  the  current 
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lags  90°  behind  the  electro-motive  force,  no  power  would  be  ex- 
pended in  the  circuit,  because  the  cosine  of  90°  is  o.  This  ideal 
state  of  affairs  would  result  from  the  fact  that  the  current  and 
pressure  would  be  in  opposite  directions  during  precisely  the  same 
length  of  time  that  they  were  in  the  same  direction,  and  just  as 
much  work  would  be  returned  by  the  inductive  circuit  in  the 
former  interval  as  would  be  expended  in  the  latter  interval. 

The  matter  may  be  rendered  easier  of  conception  by  the  con- 
sideration of  a  number  of  mechanical  analogies  which  will  readily 
suggest  themselves.  For  example,  if  a  spiral  spring  be  alternately 
compressed  and  extended,  work  is  done  during  the  compression  ; 
but  a  considerable  portion  of  it  is  given  back  again  during  the 
extension,  and  the  work  so  given  back  might  be  utilised  to  con- 
siderably reduce  the  total  amount  of  work  done  if  the  agent  em- 
ployed were  capable  of  again  receiving  it  and  storing  it  up,  as  can 
be  done  electrically. 

It  should  be  remembered  that  when  a  transformer,  with  its 
secondary  circuit  disconnected,  is  joined  across  the  primary  mains, 
and  a  fairly  strong  current  flows  through  its  primary  coil,  this 
current  does  not  necessarily  represent  the  rate  at  which  power  is 
being  wasted  in  the  primary  circuit,  because  the  high  self-induction 
of  the  primary  coil  causes  the  current  to  lag  behind  the  pressure. 
Hence  also  we  see  the  advantage  of  making  the  self-induction  of 
a  choking  coil  high,  in  order  to  make  the  angle  of  lag  as  great  as 
possible,  and  thereby  to  reduce  the  power  wasted  in  the  coil. 
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CHAPTER   XIV 

SECONDARY   BATTERIES 

It  was  stated  when  describing  the  simple  cell,  that  its  great  draw- 
back, so  far  as  concerned  its  general  utility,  was  its  comparatively 
rapid  polarisation,  a  phenomenon  which  consisted  in,  or  rather 
resulted  from,  the  development  of  a  film  of  hydrogen  gas  upon  the 
surface  of  the  negative  plate.  This  hydrogen  being  electro-positive 
to  zinc,  a  counter  electro-motive  force  was  set  up,  and  the  conditions 
for  the  flow  of  a  counter  current  thereby  determined.  But  chemical 
reactions,  similar  to  those  which  take  place  inside  a  battery  cell, 
may  be  repeated  in  any  part  of  the  circuit  by  causing  the  current 
to  pass  through  suitably  arranged  metals  and  liquids.  The  usual 
method  of  performing  electro-chemical  experiments  is  to  attach 
metallic  or  carbon  plates  to  the  ends  of  the  wires  connected  to  the 
poles  of  the  battery,  and  then  dip  these  plates  in  a  vessel  contain- 
ing the  liquid  upon  which  the  current  is  to  act.  Thus,  if  the  ends 
of  two  copper  wires  terminating  in  copper  plates,  are  connected  to 
the  copper  and  zinc  poles  respectively  of  the  battery,  and  placed 
in  a  vessel  containing  acidulated  water,  then  the  passage  of  a 
current  will  cause  a  quantity  of  that  water  to  be  decomposed,  and 
the  constituent  gases,  oxygen  and  hydrogen,  to  be  released  from 
their  stale  of  combination.  The  hydrogen  will  accumulate  on  the 
surface  of  the  plate  connected  with  the  zinc  pole,  while  the  oxygen 
will  combine  with  the  other  plate,  just  as  it  happened  with  the  zinc 
plate  in  the  simple  cell.  If,  however,  we  substitute  a  strip  of  plati- 
num for  the  copper  plate  connected  with  the  copper  pole  of  the 
battery,  the  liberated  oxygen  will  not  enter  into  any  combination, 
but  remain  in  a  gaseous  state,  a  large  portion  of  it  rising  into  the 
air,  and  the  remainder  adhering  to  the  surface  of  the  platinum  or 
entering  its  pores  and  becoming  in  a  measure  occluded  or  absorbed 
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by  it.  The  absence  of  chemical  combination  between  the  platinum 
and  oxygen  is  due  to  the  weak  chemical  affinity  subsisting  between 
those  two  simple  substances.  By  observing  proper  precautions  the 
two  gases  may  be  collected  separately,  the  apparatus  for  the  purpose 
of  producing  the  decomposition  and  collecting  the  products  being 
called  a  voltameter.  A  serviceable  form  of  this  class  of  instrument 
consists  of  three  glass  tubes,  all  in  communication  at  their  lower 
extremities,  the  middle  one  being  taller  than  the  others  and  ter- 
minating at  the  top  in  a  small  reservoir,  to  keep  the  two  outer 
tubes  supplied  with  solution,  and  to  prevent  the  liquid  overflowing 
when  driven  from  them.  Platinum  wires  are  fused  through  the 
glass  and  terminate  inside  in  strips  of  platinum  foil,  which  form 
the  electrodes,  their  outer  extremities  being  connected  to  terminals 
fixed  on  a  wooden  base.  Taps  are  ground  into  the  upper  portions 
of  the  outer  tubes,  affording  facilities  for  the  escape,  when  required, 
of  the  confined  gases.  On  sending  a  current  through  the  solution, 
the  decomposition  of  the  water  takes  place,  the  oxygen  collecting 
in  one  tube  and  the  hydrogen  in  the  other,  according  to  the  direc- 
tion of  the  current.  The  water  displaced  by  the  gases  collecting 
in  the  tubes,  shows  readily  that  the  quantity  of  hydrogen  evolved 
is  always  twice  that  of  the  oxygen,  in  consequence  of  the  fact  that 
the  gases  exist  in  that  proportion  when  combined  to  form  water. 
If  the  platinum  electrodes  are  now  disconnected  from  the  battery 
and  joined  up  to  a  galvanometer,  it  will  be  seen  that  a  current  of 
electricity  is  produced  by  the  voltameter,  but  that  the  direction  of 
this  counter  or  secondary  current  is  opposite  to  that  of  the  battery 
or  primary  current  which  caused  the  separation  of  the  gases. 

A  series  of  voltameters  is,  to  all  intents  and  purposes,  a  Grove's 
gas  battery,  each  cell  of  which  consists  of  two  tubes,  closed  at  the 
top  and  dipping  into  a  glass  vessel.  A  platinum  wire  is  fused  into 
the  upper  portion  of  each  tube,  and  carries  a  long  strip  of  platinum 
foil.  Assuming  the  current  from  the  battery  to  pass  through  the 
series,  oxygen  will  be  collected  on  one  set  of  electrodes,  while 
hydrogen  will  be  collected  on  the  other  set.  If,  after  the  current 
has  been  allowed  to  flow  for  some  little  time,  the  terminals  are 
connected  to  a  galvanometer,  a  current  will  be  observed  to  flow, 
opposite  in  direction  to  the  charging  or  primary  current,  and  this 
reverse  or  secondary  current,  which  is,  after  all,  only  the  effect 
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hitherto  referred  to  as  polarisation,  taking  place  under  favourable 
circumstances,  will  continue  to  flow  so  long  as  the  gases  remain  in 
contact  with  the  platinum.  As  a  matter  of  fact,  we  have  set  up  a 
secondary  battery  with  *  plates  *  of  hydrogen  and  oxygen,  and  in 
maintaining  the  current,  the  hydrogen  in  one  set  of  tubes  combines 
with  the  oxygen  of  the  water,  forming  new  water  molecules,  while  the 
equivalent  hydrogen  eventually  released  from  the  water,  combines 
with  the  oxygen  in  the  other  set  of  tubes.  This  action  results, 
therefore,  in  the  formation  of  water,  as  shown  by  the  very  simple 
equation  : — 

H  8  +  OHj  +  O  =  OH,  +  OHj  =  2  OH2. 

We  see  here,  then,  an  exact  counterpart  of  the  action  that  takes 
place  in  a  primary  cell,  resulting  there  in  the  polarisation  of  the 
cell  and  the  tendency  to  generate  so-called  secondary  currents. 
The  difference  of  potential  or  electro-motive  force  between  the 
free  hydrogen  and  oxygen  is  1*47  volt,  and  that  is  a  measure  of 
the  force  of  chemical  combination  between  these  gases,  whence 
it  follows  that,  in  order  to  overcome  this  force  of  combination, 
and  therefore  to  decompose  the  water,  we  must  employ  for  each 
such  secondary  cell  an  electro-motive  force  exceeding  i  -47  volt. 

Cells  in  which  the  energy  of  chemical  change  can  be  thus 
stored  up,  to  be  given  out  again  when  required  in  the  form  of  an 
electric  current,  are  frequently  called  electrical  accumulators  or 
electrical  storage  cells.  It  is  not,  however,  electricity  which  is 
stored  or  accumulated,  but  rather  a  quantity  of  the  active  con- 
stituents of  a  cell,  and  it  is  the  subsequent  chemical  action  be- 
tween these  constituents  which  causes  the  flow  of  electricity.  It 
is  therefore  preferable  to  style  them  secondary  cells.  This  will 
be  more  apparent  when  it  is  remembered  that  a  primary  cell  can 
have  a  current  sent  through  it  in  the  opposite  direction  to  that  in 
which  the  current  generated  by  it  would  flow,  and  this  current  will 
cause  the  usual  negative  plate  to  be  more  or  less  dissolved  and  the 
positive  plate  replenished,  setting  up  the  conditions  necessary  to 
the  re-establishment  of  a  primary  current.  If,  for  example,  we 
suppose  a  powerful  reverse  current  to  be  urged  through  a  Daniell 
cell  in  which  the  copper  sulphate  has  been  exhausted,  the  copper 
plate  will  be  partially  dissolved  and  copper  sulphate  reformed,  while 
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zinc  will  be  deposited  upon  what  remains  of  the  zinc  plate.  The 
cell  is  then  able  to  again  generate  a  current  of  its  own. 

Although  the  gas  battery  is  exceedingly  interesting,  as  a 
secondary  generator  it  is  not  a  practical  piece  of  apparatus,  for, 
on  account  of  the  limited  quantity  of  gas  which  can  be  accumulated 
and  rendered  available,  it  is  only  able  to  maintain  a  current  for  a 
very  short  space  of  time.  Many  experiments  have  therefore  been 
perjformed  to  determine  the  best  liquid  and  electrodes  (the  metal 
plates  immersed  in  the  liquid),  for  a  practical  form  of  secondary 
battery.  The  most  assiduous  worker  in  this  field  was  Plants,  and 
the  result  of  his  labours  was  the  discovery  that  lead  electrodes  in 
a  solution  of  sulphuric  acid  give  the  best  results.  He  found  that 
a  large  portion  of  the  oxygen  combined  with  the  plate  at  which  it 
was  released,  forming  an  insoluble  compound,  which  when  opposed 
to  a  clean  metallic  lead  plate  developed  a  potential  difference  of 
from  2  to  2*5  volts.  In  Plant^'s  method  the  lead  plates  employed 
were  comparatively  very  large  with  a  view  to  increasing  the 
amount  of  active  material  and  reducing  as  far  as  possible  the  re- 
sistance of  the  cell.  They  were  first  laid  one  over  the  oiher,  but 
separated  by  strips  of  non-conducting  material,  and  then  rolled  up 
together  in  a  kind  of  double  spiral.  In  this  way  an  enormous 
surface  was  presented  to  the  liquid.  On  sending  a  primary 
battery  current  through  the  cell,  from  plate  to  plate,  the  water  was 
decomposed,  the  oxygen  combining  with  the  metal  at  the  positive 
electrode  to  form  peroxide  of  lead,  PbOj,  while  the  hydrogen  was 
precipitated  upon  the  negative  electrode  in  the  gaseous  form, 
without  in  any  way  attacking  the  metal.  The  cell  so  acted  upon 
became  a  secondary  cell  in  which  the  negative  electrode  acted  as 
the  positive  plate,  being  a  sheet  of  lead  with  a  partial  film  of 
hydrogen  gas,  the  other  plate  or  positive  electrode  with  its 
film  of  insoluble  lead  peroxide  behaving  as  the  negative  plate. 
It  will  thus  be  seen  that  the  pole  of  the  secondary  cell  which  is 
connected  to  the  positive  pole  of  the  primary  generator,  whether 
a  battery  or  a  dynamo  machine,  becomes  the  positive  pole  of 
the  secondary,  the  other  extremity  becoming  perforce  the  negative 
pole. 

On  permitting  the  reverse  or  secondary  current  to  flow,  what 
remained  of  the  hydrogen  was  oxidised  and  converted  into  water, 
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some  of  the  subjacent  lead  being  also  oxidised  at  the  expense  of 
the  water.     On  the  other  hand,  the  peroxide  on  the  other  plate 
was  deoxidised  or  reduced  to  metallic  lead,  in  a  *  spongy '  form. 
These  experiments  can  be  very  easily  performed  by  sending  for  a 
short  time  a  current  from  three  or  four  good- sized  Daniell  cells 
through  a  vessel  containing  two  pieces  of  sheet  lead  immersed  in 
sulphuric  acid  solution.     The  piece  connected  to  the  copper  pole 
of  the  battery  will,  after  the  passage  of  the  current,  be  discoloured, 
and  assume  a  brownish  tint,  owing  to  the  partial  oxidation  of  the 
surface  of  the  metal,  while  the  piece  connected  to  the  zinc  pole 
will  assume  a  greyish  metallic  colour.     The  amount  of  chemical 
change  taking  place  during  these  reactions  is,  owing  to  the  limited 
extent  of  the  surfaces,  very  small,  and  consequently  when  these  lead 
strips  are  connected  direct  to  a  low  resistance  galvanometer,  they 
will  yield  a  current  of  but  brief  duration.   The  amount  can,  how- 
ever, be  increased  by  augmenting  the  lead  surfaces,  and  by  pro- 
longing the  time  during  which  the  primary  battery  is  joined  to  the 
lead  strips.    It  was  found  by  Plante  that  after  sending  the  primary 
current  through  the  secondary  cell  for  some  time,  and  thereby 
nearly  covering  the  surface  of  the  positive  electrode  with  a  film  of 
the   peroxide,  the  oxygen  released  from   the  water,  instead  of 
continuing  to  combine  with  the  lead,  formed  into  bubbles  and 
escaped  into  the  air.     There  was  thus  for  a  given  metallic  surface 
a  limit  to  the  amount  of  peroxide  that  could  be  formed.      In 
order  to  increase  this  amount,  the  cell  was  allowed  to  send  a 
current  in  the  reverse  direction  to  the  charging  current,  until  it 
had  discharged  itself  almost  completely.     The  consequence  was 
that  the  spongy  lead  plate,  acting  as  the  positive  of  an  ordinary 
cell,   combined    with    oxygen,    and    thereby   became    oxidised, 
while  the  other  plate  which  had  already  absorbed  a  quantity  of 
oxygen  became  deoxidised,  and  was  in  its  turn  reduced  to  the 
condition  of  spongy  lead,  with  a  proportionally  increased  surface. 
A  fresh  direct  or  '  charging '  current  on  being  sent  through  the  cell 
again  oxidised  this  extended  lead  surface  and  reduced  once  more 
the  negative  surface  to  the  spongy  lead  state.     These  reversing 
operations  being   continued  for  some   time,  both   positive  and 
negative  surfaces  were  eventually  very  considerably  increased  by 
the  plates  being  rendered  more  or  less  porous,  one  of  them,  however. 
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being  always  in  a  state  of  oxidation.  After  a  few  days  a  period  of 
rest  was  allowed  to  intervene  between  the  reversals,  and  during 
these  periods,  the  *  formation  *  of  the  plates  was  developed  in  a  re- 
markable way  by  *  local  action.'  The  lead  peroxide  on  the  charged 
positive  plate  did  not  form  a  continuous  imper\'ious  coating  over 
the  plate,  but  allowed  the  solution  to  pass  between  its  particles 
and  come  into  contact  with  the  metallic  lead.  The  peroxide 
being  at  places  also  in  direct  contact  with  the  lead,  a  simple 
voltaic  pair  was  thus  established,  with  the  lead  for  the  positive  and 
the  peroxide  for  the  negative  elements.  The  acid  attacked  the 
lead  and  formed  lead  sulphate  (PbS04),  which  is  but  a  poor 
conductor  of  electricity  ;  some  of  the  peroxide  was  at  the  same 
time  reduced  to  a  lower  form  of  oxide,  probably  the  monoxide, 
PbO.  The  amount  of  lead  actually  affected  was  thus  increased 
and  the  porosity  of  the  plate  gradually  made  more  and  more 
complete.  In  a  somewhat  similar  way  the  surface  of  the  negative 
plate  was  also  attacked,  and  a  film  of  lead  sulphate  formed,  more 
especially  during  the  interval  of  rest  following  a  discharge,  because 
there  was  then  a  quantity  of  lead  oxide  distributed  over  the  surface 
of  the  plate.  Lead  being  positive  to  its  oxides,  the  pure  metal 
would  be  attacked  during  the  local  action  that  would  ensue,  and 
be  more  or  less  sulphated.  The  development  of  the  lead  sulphate 
on  the  plates  would  not,  however,  increase  the  *  charge '  given  to 
the  cell ;  in  fact,  if  the  cell  were  left  idle  for  a  considerable  time, 
it  would  be  eventually  discharged  by  the  gradual  conversion  of 
the  plates  into  lead  sulphate.  During  the  forming  process,  how- 
ever, the  development  of  the  sulphate  would  be  advantageous,  as 
it  has  the  effect  of  increasing  the  amount  of  lead  surface  available 
for  subsequent  charging.  It  will  thus  be  seen  that  the  process  of 
forming  the  plates  might  have  been  continued  until  the  whole 
became  porous  by  its  conversion  into  spongy  lead,  but  there  is  a 
practical  limit  to  the  action,  for  if  pursued  too  far,  the  plate  would 
fall  to  pieces,  simply  on  account  of  its  inability  to  mechanically 
support  itself. 

The  plates  having  been  once  formed,  no  further  reversal  is 
effected  excepting  for  the  purpose  of  discharging  the  cell  to  per- 
form useful  work. 

This  method  of  forming  the  plate  is,  however,  very  tedious 
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and  very  expensive,  and  many  eflforts  have  been  made  to  overcome 
the  objection.  One  method  is  to  subject  the  lead  to  a  nitro- 
sulphuric  acid  solution  which  rapidly  eats  into  the  metal  and, 
rendering  it  more  or  less  spongy  or  porous,  increases  its  surface 
correspondingly.  Another  method  is  to  fill  a  vessel  with  molten 
lead,  and,  when  it  is  on  the  point  of  solidification,  to  make  an 
opening  in  the  bottom  of  the  vessel,  and  allow  such  of  the  metal 
as  remains  in  the  liquid  state  to  flow  out,  leaving  behind  it  a 
spongy  porous  mass.  This  is  cut  up  into  plates  of  the  required 
dimensions. 

One  of  the  best  forms  of  lead  plate  battery  is  the  Epstein. 
Each  plate  consists  of  a  single  corrugated  lead  casting,  the  cross 
section  of  a  portion  of  one  of  these  plates  being  illustrated  on  a 
considerably  enlarged  scale  in  fig.  254.  The  effect  of  these 
corrugations  is  to  present  to  the  p,^  ^^^ 

solution  five  times  the  surface 
that  would  be  obtained  with  a 
smooth  plate  of  the  same  external 
dimensions.  The  castings  are 
*  boiled '  in  a  weak  nitric  acid 
solution  prior  to  *  forming,'  in 
order  to  still  further  increase  the 
surface,  the  subsequent  treatment 
being  exclusively  electrical.    The 

plates  are  immersed  in  a  sulphuric  acid  solution,  and  the  pas- 
sage of  the  charging  and  discharging  currents  causes  the  usual 
spongy  formation,  as  shown  in  fig.  254,  but  the  lead  peroxide 
and  spongy  lead  thus  formed  adhere  very  strongly  to  the  solid 
metal,  and  the  consequent  durability  is  one  of  the  chief  advantages 
of  this  type  of  cell  as  compared  with  other  types  to  be  presently 
described.  It  should  further  be  noticed  that  the  continuity  of  the 
solid  metal  involves  a  correspondingly  low  and  uniform  resistance. 
In  fig.  255  is  illustrated  one  of  the  cells  specially  designed  for 
heavy  work  and  rough  usage.  The  plates  are  in  this  case  con- 
tained in  an  ebonite  cell.  It  will  be  seen  that  there  are  four 
plates  electrically  connected.  These  form  the  negative  plate, 
and  between  them  are  three  thicker  plates  which  are  likewise 
electrically  connected,   and   which    together  form    the  positive 
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plate.  Such  a  7 -plate  cell  has  a  total-weight  of  about  52  lbs,, 
and  measures  8f  in.  long  by  5^^  in.  wide  and  11  in.  high.  The 
charging  current  required  is  25  to  40  amperes,  and  the  dis- 
charging current  can  var)'  up  to  as  much  as  50  amperes  ;  but,  as 
will  be  seen  from  what  will  be  said  later  on,  the  capacity  of  the 
cell,  or  the  amount  of  electricity  which  can  be  obtained  from  it, 
falls  somewhat  considerably  as  the  rate  at  which  the  current  is 
discharged,  is  increased.  It  may,  however,  be  noticed  that  an 
occasional  heavy  current  may  be  obtained  from  these  cells   far 

in  excess  of  the  normal  maximum 
current  without  the  risk  of  any  per- 
manent injury  ensuing. 

The  cells  are  made  in  various 
sizes  and  shapes  to  suit  the  various 
classes  of  work  which  they  may  be 
called  upon  to  perform.  One  size 
containing  (fig.  256)  31  plates  weighs, 
with  the  acid,  980  lbs. ;  it  measures 
15  in.  long  by  32^  in.  wide  and  19  in. 
high.  The  charging  current  is  390 
amperes,  and  the  cell  can  discharge 
for  10  hours  at  195  amperes,  for  6 
hours  at  300  amperes,  for  4  hours 
at  390  amperes,  or  for  2  hours  at 
675  amperes. 

Lead  plates  pure  and  simple, 
when  formed  by  an  electrical  pro- 
cess, are  often  known  as  Plants 
plates,  but  the  type  of  cell  more  generally  employed  is  that  which 
is  based  upon  the  idea  of  Faure,  which  was  to  coat  the  plates  with 
a  paste  of  lead  oxide  and  acid,  and  so  to  more  easily  facilitate 
the  extension  of  the  lead  surface.  A  mixture  of  sulphuric  acid 
and  minium  or  red  lead  (Pb304)  was  made,  which  resulted  in  the 
formation  of  a  paste  of  lead  sulphate  (PbS04).  This  was  applied 
to  both  the  positive  and  negative  plates,  that  on  the  plate  in  con- 
nection with  the  positive  pole  of  the  dynamo  or  primary  battery, 
being,  by  the  charging  current,  converted  into  peroxide  of  lead, 
by  the  absorption  of  oxygen,  while  the  paste  on  the  other  plate 
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was  reduced  more  or  less  completely  to  the  condition  of  spongy 
lead.  In  this  way  the  active  surface  speedily  becomes  consider- 
able, and  it  will  be  seen  that  the  great  value  of  Faure's  invention 
is  to  minimise  the  amount  of  energy  required  to  be  expended 
electrically  in  forming  the  plates. 

It  is  now  the  general  practice  with  *  pasted  '  plates  to  employ  a 
paste  of  litharge  (PbO)  and  acid,  for  the  plate  connected  to  the 
negative  pole,  the  employment  of  this  oxide  involving  a  smaller 
expenditure  of  energy  in  deoxidising  than  would  be  involved  in 
the  reduction  of  a  higher  oxide.     In  all  cases,  however,  whether 

Fig.  256. 


lead  plates  or  pasted  plates  are  employed,  the  ultimate  result  of 
the  initial  charging  is  the  same,  viz.  the  conversion  of  a  portion  of 
the  positive  plate  into  peroxide,  and  of  the  negative  plate  into 
spongy  lead. 

The  Faure  pastes  adhere  very  feebly  to  the  lead  plate,  and 
many  devices  have  been  attempted  to  secure  better  adhesion. 
One  of  the  earliest  plans  was  to  score  or  scratch  the  lead 
surface.  Then  it  was  indented,  the  indentations  developing 
subsequently  into  perforations.  The  paste,  on  being  squeezed 
into  the  holes,  certainly  kept  its  position  much  better  than  when 
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simply  smeared  over  the  roughened  surface  of  the  lead,  but  the 
quantity  of  paste  exposed  to  the  liquid  was  reduced.  Eventually, 
leaden  grids  were  cast  containing  sufficient  metal  to  bear  the 
weight  of  the  plate,  the  holes  being  square  and  somewhat  pyra- 
midal, that  is,  smaller  in  the  middle  of  the  plate  than  on  the 
surfaces,  so  as  to  prevent,  as  far  as  possible,  the  peroxide  from 
falling  out.  In  this  form  of  plate,  when  properly  treated,  the 
pellets  gradually  get  harder,  until  ultimately  it  is  difficult  to  detach 

Fig.  257. 


them.  An  illustration  of  the  so-called  l  or  1888  type  of  cell, 
manufactured  by  the  Electrical  Power  Storage  Co.,  is  given  in 
fig.  257.  A  number  of  grids  of  lead  are  filled  with  the  paste,  the 
number  of  grids  varying  with  the  size  of  the  cell,  but  always  with 
one  negative  plate  in  excess  of  the  number  of  positive  plates. 
The  negative  and  positive  plates  are  placed  alternately,  so  that  by 
employing  a  negative  plate  in  excess  of  the  number  of  positives, 
the  two  outer  plates  are  negative,  and  there  is  a  negative  facing 
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each  side  of  every  positive.  The  negative  plates  are  all  connected 
together,  and  so  also  are  the  positive,  the  object  of  having  a  large 
number  of  plates  being,  of  course,  to  increase  the  capacity  of  the 
cell,  and  to  reduce  its  internal  resistance,  without  resorting  to  the 
use  of  inconveniently  large  plates.  Each  grid  measures  about 
8^  X9^  inches,  and  is  y\  inch  thick,  the  weight  being  about  5  lbs. 
The  lead  grids  are  provided  with  massive  lugs  for  the  purpose 
of  connection,  the  lugs  of  the  positive  plates  being  all  melted  or 
cast  on  to  one  leaden  strip  or  band,  the  lugs  of  the  negative  plates 
being  similarly  secured  to  another  strip.  The  distance  between 
two  adjacent  plates  is  about  a  quarter  of  an  inch,  which  is  usually 
sufficient  to  allow  pieces  of  the  plates  or  paste  that  may  become 
detached  to  fall  to  the  bottom  of  the  cell.  Bent  strips  or  forks  of 
ebonite,  celluloid,  or  other  suitable  material,  are  placed  between 
the  plates  to  keep  them  apart  and  prevent  internal  contact.  The 
negative  plates  in  each  cell  are  also  held  rigidly  together  by  means 
of  two  stout  strips  of  lead  melted  on  to  solid  extensions  from  the 
lower  edges,  two  others  being  also  secured  to  the  sides  of  the 
plates  about  half-way  up.  These  connecting  strips,  one  of  which 
is  shown  at  the  left-hand  side  of  the  figure,  serve  as  a  further 
means  of  keeping  the  negative  plates  in  position.  The  bottom 
strips  rest  on  slabs  or  strips  of  paraffined  or  varnished  wood,  so  as 
to  support  them  at  a  height  of  about  i^  inch  above  the  bottom  ot 
the  containing  cell,  affording  thereby  plenty  of  room  for  any  scales 
or  pellets  that  may  fall  to  the  bottom  to  lie  clear  of  the  plates. 
Lugs  cast  on  to  the  edges  of  the  positive  plates  rest  in  small  ebonite 
shoes,  which  are  supported  by  the  side-strips  of  lead  attached  to 
the  negative  plates.  The  positives  are  also  connected  together 
across  the  top  by  the  substantial  lead  strip  shown  a  little  to  the 
right  of  the  middle  of  the  upper  edges  of  the  plates.  The  con- 
necting strip  to  be  seen  on  the  left  is  melted  on  to  projections 
from  the  corners  of  the  plates,  consequently  they  can  be  readily 
lifted  out  of  the  cell,  without  necessitating  the  removal  of  the 
negative  plates.  The  containing  vessels  are  best  made  of  stout 
glass,  an  opportunity  being  thus  afforded  for  the  proper  inspection 
of  the  cell,  without  taking  it  to  pieces  or  removing  the  plates.  The 
upper  portion  of  the  outer  surface  of  the  glass  vessel  should  be 
coated  with  wax,  vaseline,  or  some  such  material,  to  prevent 

N  N 

Digitized  by  VjOOQIC 


546  Electrical  Engineering  chap.  xiy. 

*  creeping  '  and  the  partial  short-circuiting  of  the  cells  by  means 
of  the  continuous  film  of  moisture  that  would  otherwise  condense 
over  the  whole  of  the  external  surface.  To  further  ensure  good  in- 
sulation, the  cell  should  be  placed  on  a  varnished  wooden  tray 
(containing  a  quantity  of  sawdust)  and  supported  by  insulators  of 

Fig.  258. 


the  so-called  mushroom  pattern  illustrated  in  fig.  258.  The 
channel  in  the  lower  cup  contains,  as  shown  in  the  sectional 
view  of  the  insulator,  a  quantity  of  resin  oil  or  of  some  other 
non  evaporating  oil,  in  which  the  upper  cup,  coated  with  shellac 
varnish,  rests.     The   cells  should    not  be  quite  in  contact,  but 


Fig.  359. 


fairly  close  together,  and  the  connections  made  either  by  *  burn- 
ing '  or  melting  the  lead  strips  of  adjacent  cells  together,  or  by 
clamping  them  firmly  in  a  special  form  of  terminal.  When  the 
latter  method  is  resorted  to,  the  connection  should  be  painted 
over  with  shellac  varnish,  paraffin  wax,  or  some  such  impervious 
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material,  to  protect  the  brass  against  the  corrosive  action  of  the 
acid,  which,  when  the  cell  is  well  charged,  sprays  up  considerably. 
The  positive  pole  of  one  cell  is,  of  course,  connected  to  the  nega- 
tive of  the  next,  and  so  on.  The  positive  connecting  strips  are 
usually  painted  red  for  the  purpose  of  distinction.  All  leading 
wires  should  be  as  short  and  of  as  low  resistance  as  possible,  so  as 

Fig.  260. 


to  avoid  unnecessary  waste  of  energy  in  overcoming  the  resistance 
of  the  connections.  The  resistance  of  secondary  cells  is  very 
low,  the  current  obtained  from  them  is  usually  heavy,  and  it  often 
happens  that  the  connections  offer  more  resistance  than  do  the 
cells  themselves. 

Fig.  259  illustrates  a  very  useful  form  of  cell  specially  con- 
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structed  for  train  lighting.  It  is  enclosed,  like  other  classes  of 
cells  intended  to  be  carried  in  a  vehicle,  in  a  teak  box  lined  with 
lead,  and  contains,  to  suit  different  requirements,  either  nine  or 
fifteen  plates  separated  by  celluloid  forks.  Sometimes,  in  order 
to  further  reduce  the  risk  of  contact  and  short-circuiting  between 
adjacent  plates,  thin  perforated  celluloid  sheets  are  interposed 
between  them.  Connection  between  adjacent  cells  is  of  course 
made  externally,  rods  attached  to  the  connecting  strips  passing 
through  the  covers  for  the  purpose.     Connecting  rings  fit  on  to 

these  rods,  through 
slots  in  which  wedges 
are  driven  to  secure 
good  electrical  con- 
tact,   the    rings    of 
adjacent  cells  being 
joined   together   by 
stout  wires  or  rods. 
Cells  are  also  made 
specially  for  tramcar 
driving,  these  being, 
for     very     obvious 
reasons,  constructed 
as  light  as  they  prac- 
tically can   be,  and 
enclosed  in  teak  or 
ebonite  boxes.  They 
are    made    in    four 
different   sizes  con- 
taining as  many  different  numbers  of  plates.     Fig.  260  illustrates 
the  method  of  enclosing  the  large  L  type  plates  in  lead- lined 
teak  boxes,  for  purposes  where  a  heavy  current  is  required.     The 
peculiar  shape  of  the  forks  in  this  case  and  in  that  illustrated  in 
fig.  259  should  be  noticed. 

Another  and  very  important  type  of  the  Electrical  Power 
Storage  Co.'s  cell  is  that  illustrated  in  fig.  261,  and  known  as  the 
K  or  high  discharge  type.  The  positive  plates  are  considerably 
thicker  than  the  negative,  and  are  connected  together  and  sup- 
ported by  two  lead  bars  of  large  dimensions  which  rest  on  insulating 
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saddle-pieces  placed  on  the  upper  edges  of  the  negative  plates. 
These  two  bars  are  joined  by  an  angular  piece  of  lead,  so  that  the 
connection  from  cell  to  cell  is  made  at  the  middle  of  each  end  of 
the  containing  vessel  instead  of  at  the  sides,  as  in  fig.  257. 

The  negative  plates  stand  on  prolongations  or  feet  at  each  of 
the  bottom  comers  of  each  plate,  the  plates  being  joined  together 
at  the  foot  by  lead  bars  of  similar  dimensions  or  area  to  those 
joining  the  positive  plates,  while  at  the  top  corners  the  negative 
plates  have  a  projection  at  the  side,  which  is  also  utilised  for 
joining  the  plates  together  by  bars  of  lead.     At  one  end  of  the 
bars  joining  the  feet  of  the  negative  plates  a  cross-bar  and  lug,  in 
the  form  of  an  inverted  tee-piece,  forms  the  connecting  lug,  which 
leaves  the  containing  vessel  at  the 
middle  of   one  side  and   in   such 
position  as  will   enable  it  to  meet 
the  angular  connecting  lug  from  the 
positive  plates  of  the  next  cell. 

The  separation  between  the  re- 
spective plates  is  obtained  in  the 
usual  manner  by  ebonite  forks. 
There  are  small  niches  in  the  top 
edge  of  the  positive  plates  in  which 
the  forks  are  intended  to  rest. 

In  fig.  262  is  shown,  full  size,  a 
portion  of  one  of  the  positive  plates 
of  these  cells.     It  consists  of  a  mas- 
sive lead  casting,  with  a  number  of  thin  horizontal  ridges  on  both 
faces.     These  ridges  are  inclined  upwards  and  are  packed  with 
the  usual  minium  paste.     A  portion  of  one  of  the  negative  grids 
is  illustrated  in  fig.  263.     This  grid  consists  of  a  comparatively 
light  lead  casting  with  a  number  of  small  projecting  prongs,  the 
function  of  which  is  to  keep  the  small  litharge  pellets  in  position. 

When  the  discharge  rate  from  a  secondary  cell  is  excessive,  the 
active  material  expands,  and  there  is  therefore  with  cells  of  the 
L  type  a  tendency  to  dislodge  it.  This,  as  will  be  seen  presently, 
results  in  the  distortion  of  the  plates  and  the  disintegration  or 
splitting  of  the  pellets,  which  consequently  fall  out  of  the  grid. 
As  the  risk  of  this  action  taking  place  with  the  k  plate  is  obviously 
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very  much  smaller,  they  may*  be  worked  with  safety  at  a  corre- 
spondingly higher  rate,  plate  for  plate,  the  surface  area  in  the  two 
cases  being  the  same. 

The  normal  maximum  discharge  rate  of  these  cells  is  at  the 
rate  of  8  amperes  per  peroxide  or  positive  plate,  a  rate  which  is 
about  twice  as  great  as  that  permitted  with  plates  of  the  l  type, 
and  even  this  high  rate  may  be  considerably  exceeded  for  short 
periods,  say  of  half  an  hour.  This  latter  feature  is  an  important 
advantage  in  certain  cases,  such  as  one  might  expect  to  arise  when 
some  portion  of  the  generating  plant  breaks  down  when  under 
load.     Cells  of  the  k  type  have  only  about  half  the  number  of 

plates,  and  occupy  only  about 
^  '^"  ^^^'  half  the  space  required  for  the 

L  type  for  a  given  output,  while 
the  weight  is  about  three-fifths. 
The  prime  cost  is  also  reduced 
in  about  the  same  proportion. 
When,  however,  the  k  type  is 
discharging  twice  as  fast  as  the 
L  type  with  the  same  number 
of  plates,  it  can  only  maintain 
its  current  for  a  much  shorter 
period  of  time ;  but  if  batteries 
of  the  two  types,  both  having 
the  same  number  of  plates,  are 
discharged  at  about  the  normal 
rate  for  the  l  type,  the  two  will  be  able  to  maintain  their  respec- 
tive currents  for  nearly  the  same  period.     As  secondary  batteries 
are  rarely  required  to  maintain  their  heavy  discharge  for  many 
hours  successively,  the  advantage  of  the  newer  type,  although 
considerable,  is  perhaps  less  than  might  at  first  sight  appear ;  for 
although  its  discharge- rate  is  high,  its  efficiency  is  somewhat  lower 
than  that  of  the  l  plate.     On  the  other  hand,  it  gives  promise  of 
greater  durability. 

The  maxinmm  working  rate  of  the  largest  cell  of  the  k  type  is 
135  amperes,  but  for  Central  Station  and  other  similar  heavy  work 
a  higher  rate  is  required.  To  meet  such  demands,  batteries  have 
been  joined  in  parallel.     There  are  two  ways  of  effecting  this. 
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One  is  to  join  the  terminals  of  two  batteries  together,  but  some 
difficulty  is  experienced  in  keeping  the  two  at  a  common  potential 
difference ;  and  where  this  is  not  done,  trouble  may  very  easily 
arise.  The  other  method  is  still  less  satisfactory,  and  consists  in 
joining  the  cells  in  parallel  in  pairs,  and  then  joining  the  various 
pairs  in  series.  It  is  evident  that  it  is  almost  impossible  to  main- 
tain each  pair  of  cells  at  a  common  potential  (indeed,  it  is  difficult 
to  ensure  this  in  the  case  of  the  different  pairs  of  plates  in  any 
one  cell),  and  when  this  is  not  done,  a  wasteful  expenditure  of 

Fig.  264. 


energy  must  ensue.  To  overcome  these  difficulties,  a  type  of  cell 
known  as  the  Central  Station  type  is  manufactured.  It  is  a 
development  of  the  k  type,  and  one  of  these  cells  is  illustrated 
in  fig.  264,  which  practically  consists  of  four  sets,  each  set  com- 
posed of  33  K  plates.  The  four  ordinary  negative  terminal 
strips  are  shown  connected  to  a  common  terminal  bar,  while 
the  four  positive  angular  terminal  pieces  are  provided  with  the 
usual  bolts  for  connection  to  the  next  cell.  A  cell  of  the  size 
illustrated  requires  a  maximum  charging  current  of  540  amperes, 
while  it  can,  in  discharging,  maintafn  for  one  hour  a  current  of 
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1,200  amperes,  for  three  hours  a  current  of  600  amperes,  for 
five  hours  a  current  of  450  amperes,  or  for  seven  hours  a  cur- 
rent of  350  amperes.  It  will  be  seen  that  the  slower  the  rate 
of  discharge,  the  greater  is  the  amount  of  energy  which  is  given 
back.  Similarly,  the  most  economical  rate  of  charging  is  from 
one-half  to  two-thirds  of  the  maximum  rate,  because,  among  other 
things,  at  this  higher  rate  the  oxygen  is  released  faster  than  it  can 
be  absorbed. 

A  few  details  concerning  some  of  these  various  types  of  cells 
will  doubtless  prove  of  service.  In  the  subjoined  table,  L  indi- 
cates cells  of  the  1888  type  intended  for  general  lighting,  C 
for  railway  carriage  lighting,  T  for  tramcar  propulsion,  K  the 
high  discharge  type,  and  Q  a  class  of  cell  serviceable  for  small 
work. 


Description 

OF  Cell 

No.  of 

Material 

Plates 

of  Box 

i    Lxsl 

Teak 
Glass 

!    L3x| 

Teak 
Glass 

'    Kis] 

Teak 
Glass 

K33I 

T23I 
Qai 


Teak 
Glass 
Teak 
Teak 
Teak 

Ebonite 
Teak 

Ebonite 
Teak 
Teak 


Acid 
i'i7o 
sp.  g. 
for 
each 
Cell 


lbs. 
35 
48 
70 
I  96 
40 
44 
84 
90 
8-4 
14 
14 
14 


«:? 


Working  Rate 


Charge    Discharge 
Amperes     Amperes 


25  to  30 
25  to  30 
50  to  60 
50  to  60 
30  to  58    , 
30  to  58    I 
66  to  135  ' 
66  to  135  , 
6  to  8 
12  to  14    I 
34  to  28 
24  to  28   , 
38  to  42 
38  to  42 
'5  to  1-3 
10  to  13 


I  to  30 
1 1030 
I  to  60 
1  to  60 

T  to  58 

1  to  58 
I  to  135 
I  to  135 
I  to  8 
X  to  14 
1  to  30 
I  to  30 
I  to  50 
X  to  50 

1*3 

13 


Approximate  External     | 
Dimensions  ^-n 


I* 


330 
330 
660 
660 
196 
196 
448 
448 

72 
136 

95 

95 

J45 

M5 

7 

70 


^•S 


I9I 

i8i 
10 

9f 
20} 
193 

6 

t 

8 

:a 

2 

9l 


ins. 
'3j 


X2j 

!  i3g 

OS 


ins. 
x8l 

I  x8V 

vA 

'  »7j 
!  i3t 

I  63 


XX 

7A 


ins. 

i5| 


16? 

i2i 

xa? 
7? 


lbs. 
'43 
128 
386 
265  I 
X78  I 
161 
381  I 
I48  I 

52  ' 

I  *'  ' 
79 
66 

S*' 
98 


There  is  another  type  of  cell  known  as  the  Lithanode,  in  which 
the  active  material,  containing  between  80  and  90  per  cent,  of 
lead  peroxide,  is  obtained  from  the  monoxide  of  lead  made  into 
a  paste  with  a  solution  which  causes  the  material  to  set  into  a  more 
or  less  rigid  mass.  Fig.  265  gives  a  section  and  elevation  of  a 
portion  of  one  of  these  plates,  in  making  which   the  slabs  of 
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lithanode  are  arranged  in  a  casting  mould,  the  molten  metal 
being  run  in  to  form  the  grid  and  complete  the  plate.  It  is 
claimed  that  the  slabs  having  been  thoroughly  formed  and  there- 
fore expanded  to  the  fullest  dimensions  prior  to  the  making  up  ot 
the  plate,  it  is  impossible  for  them  to  exert  any  pressure  on  the 
metal  frame,  and  that  there  is  therefore  no  tendency  to  buckling 
(see  p.  560).     Plates  of  this  type  are  lighter  than  the  ordinary 

Fig.  265. 


pasted  plate  for  a  similar  output,  the  relative  amount  of  active 
material  being  considerably  greater. 

The  method  of  making  up  lithanode  negative  plates  is  some- 
what similar  to  that  adopted  for  the  positive  plate,  the  slabs  being, 
however,  reduced  to  the  state  of  spongy  lead. 

These  cells  were  originally  designed  by  Messrs.  Fitzgerald  and 
Frankland,  many  of  the  practical  details  having  been  worked  out 
by  Mr.  Niblett  The  manufacturers  have  paid  considerable  atten- 
tion to  the  production  of  small  cells,  as  well  as  to  those  for  ordinary 
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lighting  purposes  ;  and  one  of  the  most  useful  type,  which  is  small, 
light,  and  of  very  simple  construction,  consists  of  two  plates,  one 
of  peroxide  and  the  other  of  spongy  lead,  mounted  in  an  ordinary 
test  tube,  the  plates  being  held  in  position  and  the  solution 
prevented  from  escaping  by  means  of  a  quantity  of  insulating 
material  which  is  run  into  the  upper  part  of  the  tube,  a  small  vent 
hole  being  left  for  the  escape  of  any  gas  which  may  be  generated. 
In  a  still  smaller  and  more  compact  cell  the  case  is  of  vulcanite, 
the  total  weight  being  2\  ounces.  When  discharged  at  a  rate  not 
exceeding  one-fifth  of  an  ampere  the  discharge  can  be  maintained 
for  about  twenty  minutes,  smaller  currents  being  maintained  for 
a  proportionally  longer  time.  A  special  form  of  vent  plug  is 
provided  to  prevent  the  leakage  of  the  solution  in  the  event  of  the 
cell  being  overturned. 

Secondary  cells  are  usually  delivered  by  the  makers  in  a  dry 
state  and  uncharged,  and  in  making  them  up  prior  to  charging,  the 
solution  should  be  poured  in  to  the  height  of  about  \  an  inch  above 
the  negative  plates.  It  should  contain  about  20  per  cent,  of  pure 
sulphuric  acid,  and  have  a  specific  gravity  of  1*170  (that  is,  if  a 
given  volume  of  water  weighs  say  i  pound,  the  weight  of  an  equal 
volume  of  the  solution  should  be  1*170  pound) ;  but  it  will  l)e 
seen  from  the  equations  already  given  that  in  the  process  of 
charging  some  of  the  water  in  the  cell  is  changed  to  sulphuric  acid, 
and  this  causes  the  proportion  of  the  latter  to  rise  to  about  25  per 
cent.,  increasing  the  specific  gravity  to  about  1*220.  This  accre- 
tion of  sulphuric  acid,  which  is,  however,  lost  on  discharging  the 
cell,  is  accompanied  by  an  increase  in  the  conductivity  of  the 
liquid  to  the  extent  of  about  10  per  cent. 

An  instrument  for  measuring  the  specific  gravity  of  the  acid 
solution  becomes,  therefore,  a  necessity.  Such  a  piece  of  apparatus 
is  called  a  hydrometer,  or,  for  this  special  case,  an  acidometer,  a 
useful  form  being  that  shown  in  fig.  266,  which  is  simply  a  glass 
tube  weighted  at  the  bottom  with  a  quantity  of  small  shot  The 
lower  the  specific  gravity  of  the  solution,  that  is  to  say,  the  lighter 
it  becomes  bulk  for  bulk,  the  deeper  will  the  hydrometer  be  im- 
mersed. As  the  liquid  increases  in  density  the  instrument  becomes 
relatively  lighter  and  therefore  rises.  Consequently,  the  scale  on 
the   tube  can  be  made  to  indicate   the  relative  density  corre- 
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spending  with   the  various  depths  to  which  the  tube  descends. 
Another  useful  form  is  that  known  as  Hicks'  hydrometer  (fig.  267), 
which  consists  of  a  flattened  glass  tube  with  the  upper  end  bent 
over  so  as  to  allow  it  to  hang  on  the  edge 
of  the  glass  containing-vessel,  the  tube     ^"'-  ^^'        ^"'-  '^^• 
being  also  perforated  to  facilitate  the  free 
circulation  of  the   solution.     Inside  the 
tube  are  four  small  glass  globules  contain- 
ing liquids  of  different  specific  gravities 
and  different  colours ;  each  globule  rises 
and  falls  at  distinct  specific  gravities,  and 
allows  thereby  the  relative  density  of  the 
solution  to  be  very  readily  observed. 

During  the  discharge  the  density  of 
the  solution  falls  until,  when  the  cell  is 
practically  exhausted,  it  is  only  i  •  1 50.  The 
relative  density  of  the  solution  thus  affords 
an  excellent  means  of  ascertaining  the 
condition  of  the  cell.  It  may  also  be 
observed  that  the  colour  of  the  plates 
affords  another  good  indication  o(  their  con- 
dition, the  peroxidised  positive  plate  being, 
when  in  proper  condition,  of  a  brownish  or 
deep  reddish  hue,  the  negative  or  spongy 
lead  plate  being  coloured  grey  or .  slate 
tint.  There  is  thus  a  marked  distinction 
in  the  colouration,  which  should  always  be 
discernible. 

There  are  various  explanations  of  the 
chemical  changes  which  take  place  in  a 
secondary  cell,  but  although  many  of  the 
most  brilliant  chemists  of  the  day  have 
devoted  considerable  attention  to  the  sub- 
ject it  is  still  shrouded  in  doubt,  and  there 

seems  but  little  probability  of  a  general  concurrence  of  opinion  as 
to  what  actually  takes  place.  The  difficulty  arises  from  a  number 
of  intermediate  or  secondar)'  reactions  which,  it  is  assumed,  take 
place  during  the  processes  of  charging  and  discharging. 
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We  are,  however,  more  particularly  concerned  with  the  final 
rather  than  with  the  intermediate  stages,  and  will  therefore  assume 
that  our  plates,  whether  they  be  of  the  Plants  or  of  the  pasted  type, 
have  been  duly  formed  and  charged,  so  that  the  positive  plates 
have  been  coated  with  lead  peroxide  (PbOj)  and  the  negative 
plates  reduced  to  the  state  of  spongy  lead.  The  condition  of  the 
cell  can  then  be  represented  by  the  symbols  : — 

PbOj  +  SO4H2  .  .  .  SO4H2  +  Pb. 

Lead  Sulphuric  Sulphuric  Lead 

peroxide  acid  acid 

This  means  that  the  active  material  on  both  plates  is  in  contact 
with  the  sulphuric  acid  solution.  If  now  the  cell  is  discharged 
the  two  plates  are  partially  converted  into  sulphate  of  lead,  and  the 
changes  which  take  place  can  be  represented  by  the  following 
equation  : — 

PbOj  +S04H2...SO,Hi  +  Pb=PbS04  +  OH2...0Ha  +  PbS04 

Lead        Sulphuric  Sulphuric      Lead        Lead  Water  Water  Lead 

peroxide  acid  acid  (Sulphate  <;ulphate 

Combining  the  changes  on  the  two  plates  into  a  simple  chemical 
equation,  we  get 

PbOj  +  2S04H2  +  Pbi  =  2PbS04  +  20Hj. 

We  thus  see  that  for  ever}'  atom  of  lead  attacked  during  the 
discharge  both  on  the  positive  and  on  the  negative  plates,  a  mole- 
cule of  sulphuric  acid  is  decomposed,  and  the  solution  is  further 
diluted  by  the  formation  of  a  fresh  molecule  of  water.  WTien 
the  plates  have  been  more  or  less  completely  converted  into  lead 
sulphate,  no  further  current  can  be  obtained.  This  should  be 
evident  when  it  is  remembered  that  the  first  essential  in  a  battery 
cell  is  to  obtain  two  plates  whose  surfaces  are  dissimilar.  The  cell 
having  been  discharged,  a  further  charging  operation  is  there- 
fore necessary  before  any  further  current  can  be  obtained.  The 
chemical  effect  of  the  charging  current  is  exactly  the  reverse  of 
that  which  results  from  the  discharge,  as  will  be  gathered  from 
the  equation  : — 

PbS04  +  OH5...0H2  +  PbS04=Pb02-fS04H2...S04Hj  +  Pb; 
or,  again,  combining  the  two  changes,  we  get 

2PbS04  +  2OH,  =  PbOa  +  2SO4H2  -h  Pb. 
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The  reversal  is  thus  very  complete  ;  the  two  plates  are  reduced 
from  lead  sulphate  to  lead  peroxide  and  spongy  lead  respectively, 
while  the  solution  regains  the  sulphuric  acid  which  was  extracted 
from  it  during  the  discharge.  The  water  which  was  formed 
during  the  discharge  is  also  completely  absorbed  during  the 
charge. 

These  reactions,  however,  affect  only  a  portion  of  the  plates  ; 
in  fact,  the  active  portion  of  the  cell  is  usually  less  than  that  which 
remains  passive. 

Fig.  268,  which  is  very  instructive,  is  the  outcome  of  a  series  of 
experiments  by  Messrs.  Ayrton,  Lamb,  and  Smith,  as  well  as  of  a 
number  of  chemical  analyses  by  Mr.  Robertson.  A  cell  which 
had  been  carefully  worked,  and  was  therefore  in  good  condition, 
was  charged  in  the  ordinary  way  for  14^  hours  with  a  current  of 
9  amperes.  The  gradual  rise  in  electro-motive  force  is  indicated 
by  the  dotted  curve.  The  cell  was  then  discharged  for  about  1 2 
hours  at  the  rate  of  10  amperes.  During  the  next  charge,  how- 
ever, which  is  indicated  by  the  continuous  curve,  the  positive 
plates  were  temporarily  removed  from  the  cell  at  the  points 
marked  a,  b,  c,  and  d,  when  the  terminal  potential  difference  of 
the  cell  was  2'i34,  2*2,  2*234,  and  2*4  volts  respectively,  and  some 
of  the  pellets  were  forcibly  removed  and  subjected  to  chemical 
analysis.  The  interval  that  elapsed  during  the  removal  of  the  pellets 
(about  twenty  minutes  on  each  occasion)  is  not  shown  in  the  curve, 
the  potential  difference  indicated  a  few  seconds  after  again  closing 
the  circuit  being  the  same  as  that  which  was  observed  at  the 
moment  of  disconnecting  the  charging  current.  The  pellets  were 
taken  from  the  top,  middle,  and  bottom  of  the  plates,  and  every 
care  was  exercised  to  avoid  the  introduction  of  any  disturbing 
element,  or  anything  likely  to  prejudice  the  results  of  the  analysis, 
which  showed  (fig.  268)  that  the  percentage  of  lead  peroxide  con- 
tained in  the  pellets  increased  as  the  charge  progressed.  Similar 
experiments  were  made  by  removing  pellets  during  the  discharge, 
and  it  was  found  that  the  percentage  of  Pb02  fell  at  approximately 
the  same  rate  as  that  at  which  it  rose  during  the  charge.  An 
interesting  feature  brought  out  in  these  analyses  is  that  48  per 
cent,  of  the  PbO..  found  in  the  peroxide  pellets  does  not  suffer 
conversion  into  lead  sulphate,  that  is  to  say,  it  exceeds  by  this 
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amount  the  quantity  actually  essential  to  the  reactions.     The  ex- 
planation is  that  the  sulphate  of  lead  which  is  developed  forms  an 
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impervious  coating  over  the  surface  of  the  pellets,  and  thus  pre- 
sents the  action  from  extending  to  the  inner  particles. 
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Mr.  Robertson's  analyses  may  be  thus  summarised  — 

*  {a)  The  particles  of  the  peroxide  very  soon  get  coated  in  the 
discharge  with  a  layer  of  lead  sulphate,  which  protects  the  peroxide 
from  further  action. 

'  (b)  The  analysis  also  shows  that  a  large  proportion  of  active 
material  is  still  remaining  at  the  end  of  the  discharge. 

*  (r)  The  loose  powdery  surface  of  the  positive  plate  seems  to  be 
thoroughly  converted  into  lead  sulphate. 

*  {(£)  When  the  peroxide  on  the  surface  of  the  plate  falls  to  about 
31  per  cent,  the  cell  loses  its  E.M.F.  very  rapidly,  owing  to  the 
inactive  layer  of  sulphate  impeding  the  action  of  the  sulphuric 
acid  on  the  active  material  behind  it,  and  also  to  the  formation  of 
peroxide  on  the  negatives.  The  "  diffusivity  "  of  the  acid  is  also 
then  decreasing,  while  it  has  to  penetrate  further  into  the  plate  to 
find  active  material.  When  the  whole  of  the  paste  approaches 
this  composition  of  31  per  cent,  peroxide,  the  cell  loses  its  e.m.f. 
entirely. 

*(f)  The  action  seems  to  take  place  most  rapidly  where  the 
current-density  is  greatest ;  the  plate  gets  hard  there  from  sulphate 
soonest  on  discharge,  and  oxidises  quickest  on  charge.' 

It  has  been  observed  by  Plants  as  well  as  by  Messrs.  Gladstone 
and  Tribe,  that  during  the  discharge  of  a  cell  a  certain  amount  of 
peroxide  is  formed  upon  the  negative  plate,  so  that  when  the 
peroxide  is  thus  formed  at  a  greater  rate  than  it  is  reduced  by  the 
acid,  the  two  plates,  positive  and  negative,  must  rapidly  approach 
a  state  of  electrical  equilibrium.  Further,  when  the  circuit  is 
broken,  local  action  alone  can  take  place,  the  effect  of  which  is  to 
reduce  the  peroxide  on  the  negative  plate  ;  that  is  to  say,  the 
peroxide  will  be  deprived  of  its  oxygen.  Consequently,  on  re- 
making the  circuit,  the  cell  will  again  give  a  current.  This  idea 
has  been  used  by  Messrs.  Gladstone  and  Tribe  to  account  for  the 
so-called  recuperative  power  of  a  cell,  as  well  as  for  the  rise  of 
electro- motive  force  which  is  observed  on  breaking  the  discharging 
circuit  It  is  a  matter  of  general  knowledge  that  if  a  cell  be  dis- 
charged so  far  that  it  will  yield  only  a  very  feeble  current — so  far, 
that  is  to  say,  that  its  electro-motive  force  has  fallen  almost  to 
2ero — it  will,  after  a  period  of  rest,  be  found  to  have  a. considerably 
higher  electro-motive  force  than  at   the  moment  when  it  was 
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disconnected  ;  and  that  this  recuperation  enables   it  to  send  a 
comparatively  strong  current  through  the  circuit. 

It  will  be  evident  that  while  it  is  essential  that  great  care  should 
be  exercised  in  the  manufacture  of  secondary  cells,  the  treatment 
to  which  they  are  subjected  is  a  matter  of  at  least  equal  impor- 
tance. 

The  charging  current  should  be  proportional  to  the  number 
of  plates,  and,  for  the  Electrical  Power  Storage  Co.'s  L  type  of 
cell,  should  be  equal  to  about  4  amperes  per  positive  plate,  so 
that  the  15 -plate  cell  requires  from  25  to  30  amperes.     When  the 
current  exceeds   this  amount,  it  cannot  increase  the  reduction 
of  the  sulphate  of  lead  in  proportion  to  the  extra  amount  of  cur- 
rent, and  the  surplus  current  is  therefore  wasted  in  the  decomposi- 
tion of  water  and  the  premature  evolution  of  bubbles  of  oxygen  gas 
from  the  positive  surface,  a  phenomenon  which  is  technically 
known  as  boiling.     There  is  also  a  risk  that   the  too  powerful 
current  will  cause  bending  or  buckling  of  the  plates,  which,  being 
close  together,  stand  a  good  chance  of  making  contact  one  with 
the  other,  and  so  short-circuiting  the  cell.     Precaution  has  also  to 
be  taken  that  the  electro- motive  force  of  the  charging  current 
shall  exceed  that  of  the  subsequent  discharging  current  by  about 
10  per  cent.,  or  be  at  the  rate  of  about  2*5  volts  per  cell,  being, 
however,  a  little  lower  at  starting  than  when  approaching  the  com- 
pletion of   the  charge.     This  should    be  evident  when    it    is 
remembered  that  the  counter  electro-motive  force  of  the  cell  rises 
as  the  charging  and  consequent  chemical  reactions  progress  ;  for 
example,  if  the  cell  is  so  far  charged  that  its  electro-motive  force 
is  2  volts,  it  would  require  a  smaller  applied  potential  difference 
to  urge  a  current  of  30  amperes  through  it,  than  would  be  neces- 
sary when  the  electro-motive  force  of  the  cell  has  been  raised  to 
2-5  volts.     In  practice  the  object  is  usually  attained  by  switching 
cells  out  of  the  circuit,  one  or  two  at  a  time,  as  the  electro-motive 
force  of  the  battery  rises.     The  potential  difference  of  the  charging 
dynamo  can  then  be  kept  constant.     The  charging  should  be 
continued  until  the  solution  *  boils '  or  assumes  a  milky  appear- 
ance, consequent  on  the  evolution  of  free  oxygen,  the  positive 
plates  having  been  then   oxidised  as  far  as  possible,  or  having 
absorbed  as  much  oxygen  as  they  can  take  up. 
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The  E.M.F.  of  a  secondary  cell,  as  was  shown  in  fig.  268,  does 
not  rise  uniformly  with  the  continuance  of  the  charging  current.  In 
some  experiments,  performed  by  Messrs.  Drake  and  Gorham  with 
a  battery  of  15  cells,  a  current  of  22  amperes  was  employed,  by 
which  the  e.m.f.  was  raised  from  2*02  to  2-53  volts  per  cell.  The 
variations  in  the  rate  of  increase  are  shown  in  fig.  269,  from  which 
it  will  be  seen  that  after  220  ampere-hours  had  been  put  in,  that 
is  to  say,  after  a  charging  current  of  22  amperes  had  been  main, 
tained  for  a  period  of  10  hours,  the  e.m.f.  had  risen  gradually  to 
2*13  volts.  After  about  14  hours  charging,  when  the  e.m.f.  was 
2'i7  volts,  a  somewhat  sudden  rise  in  e.m.f.  was  observed,  which 
was  continued  until  2*53  volts  were  registered.     The  maximum 

Fig.  269. 

VOLTS  C 


E.M.F.  usually  obtained  is  2*5  volts,  at  which  point  gases  are 
freely  evolved,  and  cause  the  milky  appearance  already  referred 
to.  It  was  for  some  years  considered  to  be  very  injurious  to 
charge  the  battery  to  an  e.m.f.  exceeding  about  2*25  volts  per  cell, 
it  being  thought  that  charging  beyond  this  point,  or  overcharging 
as  it  was  called,  was  responsible  for  the  remarkable  tendency  of 
the  plates  to  buckle  or  twist  out  of  shape,  and  so  to  loosen  and 
detach  the  pellets.  This,  it  was  supposed,  was  brought  about  by 
the  freed  oxygen  destroying  the  grid.  It  has,  however,  been  con- 
clusively proved  that  overcharging  is  not  only  harmless,  but 
actually  beneficial.  In  the  experiments  previously  referred  to, 
some  cells  were  charged  without  cessation  in  order  to  ascertain 
the  exact  amount  of  current  necessary  to  destroy  the  grid.     It  was 
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soon  evident  that  the  process  was,  at  any  rate,  a  slow  one ;  but 
the  experiment  was  continued,  until  the  full  prescribed  current 
had  been  passed  through,  for  more  than  two  months.  At  the  end 
of  that  time  it  was  found  that  the  lead  conductor  was  practically 
as  sound  as  before  charging.  The  coating  of  fine  peroxide  formed 
on  the  surface  was  very  thin ;  there  was  no  sign  whatever  of 
buckling,  and,  further,  the  specific  gravity  of  the  solution,  when 
the  cells  were  left  in  their  then  fully  charged  condition,  remained 


Fig.  270. 
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absolutely  unaltered.  The  conclusion  thence  drawn  was  that  the 
oxidisation  of  the  grid  caused  by  charging  only  penetrated  to  a 
very  limited  depth,  and  that  the  coating  of  fine  peroxide  thus 
formed,  actually  protected  the  grid  from  excessive  local  •action ; 
and  it  was  established  that  the  life  of  the  grids  was  not  limited  by 
the  amount  of  charging,  i.e.  by  the  number  of  ampere-hours  put 
into  a  cell.     We  shall  return  to  this  question  presently. 

Professor  Ayrton  and  several  of  his   assistants  have  more 
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recently  obtained  a  valuable  series  of  curves,  one  of  which  is  re- 
produced in  fig.  270.  In  this  case  the  cells  were  charged  with  a 
current  of  9  amperes.  The  rise  in  potential  difference  was  slow 
and  steady  up  to  about  2*15  volts  per  cell,  but  then  became  much 
faster,  until  a  maximum  of  2-55  volts  was  obtained.  The  most 
rapid  increase  occurred  at  about  the  end  of  the  twelfth  hour  of 
the  charge,  as  indicated  at  a  in  the  figure.  The  similarity  between 
this  curve  and  that  given  in  fig.  269  is  very  noticeable. 

During  the  discharge  the  e.m.f.  of  the  cells  speedily  falls  to 
about  two  volts  each,  the  higher  initial  electro-motive  force  being 
mainly  due  to  the  presence  of  hydrogen  on  the  spongy  lead  plate. 
When  this  has  been  oxidised  there  remains  the  lead  surface 
between  which  and  the  peroxide  plate  the  electro-motive  force 
falls  very  slowly  to  about  1-98  volt     The  fall  is  then  slightly  faster. 
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although,  as  was  found  by  Messrs.  Drake  and  Gorham  in  the  series 
of  experiments  previously  referred  to,  after  an  output  of  400 
ampere-hours  at  the  rate  of  25  amperes,  the  total  drop  from  the 
time  that  the  cell  settles  down  to  steady  work  at  2*02  volts,  is  only 
about  10  per  cent.  The  rate  at  which  the  fall  of  e.m.f.  took 
place  is  clearly  shown  in  the  instructive  curve  given  in  fig.  271. 
The  discharge  was  continued  until  the  e.m.f.  was  only  i'8o  volt 
per  cell,  which  is  a  point  about  o*i  lower  than  in  practice  it  is 
advisable  to  go.  With  a  fall  to  i  -90  volt  the  difference  is  only 
about  5  per  cent. 

In  an  experiment  performed  to  ascertain  the  effect  of  a  rapid 
discharge  upon  the  plates,  a  battery  was  divided  into  two  halves, 
one  of  which  (a)  was  repeatedly  run  out,  but  the  other  (b)  was 
never  discharged  beyond  the  point  at  which  the  e.m.f.  commenced 
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to  drop.  The  experiment  extended  over  a  considerable  time,  but 
gave  the  instructive  result  that  when  exactly  the  same  number 
of  ampere-hours  had  been  taken  out  of  each  half,  the  plates  of 
(a)  showed  signs  of  expansion  or  growing  and  consequent  buckling, 
whereas  in  those  of  (b)  no  change  could  be  detected.  The 
life  of  the  grid  was  therefore  proved  to  be  dependent  not  on  the 
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amount  of  ampere-hours  taken  out,  or  on  the  work  done,  but 
on  the  treatment  of  the  plates  ;  that  is  to  say,  upon  the  rate  and 
extent  to  which  the  cell  is  discharged. 

Fig.  272  is  a  portion  of  the  discharge  curve  obtained  by  Profes- 
sor Ayrton  and  his  collaborateurs,  but  it  differs  from  that  given  in 
fig.  27 1,  in  that  the  discharge,  which  was  at  the  rate  of  10  amp>eres, 
was  continued  until  the  potentialdifference  was  reduced  to  1-35 
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volt,  and  the  rapidity  with  which  this  potential  difference  falls  from 
about  175  volt  is  very  remarkable.  Another  very  instructive  curve 
obtained  from  the  same  series  of  experiments  is  that  given  in  fig.  273. 
The  cell  was  charged  with  a  constant  current  of  9  amperes  until 
a  potential  difference  of  2-56  volts  was  obtained.  The  charging 
circuit  was  then  broken,  and  immediately  there  was  a  fall  to  2-31 
volts,  followed  by  a  steady  fall  during  the  next  five  minutes  to  2*24 
volts.  On  again  closing  the  charging  circuit  there  was  an  instan- 
taneous rise  to  2-48  volts,  followed  by  a  steady  rise  during  the  next 
five  minutes  to  2-56  volts.  In  subsequent  experiments  it  was 
ascertained  that  the  fall  of  potential  difference  on  disconnecting 
the  charging  circuit,  became  more  rapid  as  the  charge  increased. 


Fig.  273. 
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Several  explanations  have  been  advanced  to  account  for  the  fall 
in  the  electro-motive  force  as  the  discharge  progresses,  but  perhaps 
the  most  correct  one  is  that  of  Messrs.  Gladstone  and  Hibbert, 
who  have  probably  done  more  than  any  other  workers  to  ascertain 
and  explain  the  phenomena  connected  with  secondary  batteries, 
and  who  maintain  that  the  variation  in  the  electro-motive  force  is 
consequent  upon  the  variation  of  the  density  of  the  acid  solutions 
in  the  immediate  neighbourhood  of  the  plates.  The  somewhat 
sudden  changes  in  the  potential  difference  of  a  cell,  observed 
during  charging,  may  possibly  be  due  in  the  first  case  to  the  break 
in  the  continuity  of  the  film  of  lead  sulphate,  and  secondly  to  its 
complete  disappearance.     The  reverse  of  these  phenomena  may 
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also  be  held  to  account  for  the  sudden  changes  in  the  potential 
difference  during  the  discharge.  These  points  were  not  urged  by 
Messrs.  Gladstone  and  Hibbert.  Neither  did  they  essay  to  explain 
the  fact  that  it  is  safer  to  allow  a  cell  to  rest  for  a  prolonged  period 
after  a  charge,  than  after  a  discharge.  There  seems,  however,  no 
reason  why,  if  their  theory  be  correct,  we  should  not  employ  that 
theory  to  explain  the  fact.  It  has  already  been  shown  that  the 
density  of  the  acid  solution  is  greater  when  the  cell  is  in  the 
charged  state,  than  when  it  is  in  the  discharged  state ;  and  we  can 
easily  infer  that,  when  the  cell  is  allowed  to  rest  after  a  charge,  the 
comparatively  dense  solution  will  cause,  by  local  action,  the 
development  of  a  certain  amount  of  pure  lead  sulphate,  whereas 
when  in  the  discharged  state  the  solution  is  so  weak  that  it  is  partly 
employed  in  simply  oxidising  the  lead,  this  oxide  uniting  with  the 
lead  sulphate  formed  during  the  discharge  so  as  to  produce  a 
troublesome  white  sulphate  of  lead,  to  which  we  may  now  refer. 

It  should  be  observed  that  by  the  time  the  e,m.f.  of  a  cell  dis- 
charged in  the  ordinary  way  has  dropped  to  1-90  volt  the  greater 
portion  of  the  surfaces  will  have  resumed  the  condition  of  lead 
sulphate  (PbS04),  and  there  will  then  be  considerable  risk  of  the 
formation  of  a  more  obdurate  form  of  sulphate,  which  may  be 
expressed  by  the  symbol  PbaSOg,  and  which  is  caused  probably 
by  the  PbS04  combining  with  the  monoxide  or  PbO.  This  is  a 
hard  white  sulphate  and  is  very  troublesome.  It  is  insoluble,  non- 
conducting, very  adhesive,  and  covers  both  the  pellets  and  the 
grid,  and  in  very  bad  cases  forms  on  the  inside  of  the  plate 
between  the  grid  and  its  pellets.  When  it  falls  off  the  plate,  it 
generally  carries  with  it  some  of  the  active  material,  which  is 
therefore  wasted.  It  is  consequently  advisable  that  the  e.m.f.  of 
the  individual  cells  should  be  tested  periodically  with  a  special 
low-reading  voltmeter.  Two  or  three  of  these  instruments  were 
described  in  Chapter  VI.  The  experiments  of  Messrs.  Drake  and 
Gorham  showed  that  buckling  was  almost  invariably  accompanied 
by  the  formation  of  the  hard  sulphate  on  the  face  of  the  plates, 
and  that  this  enamelling  could  be  prevented  by  charging,  and  was 
not  due  to  impurities  in  the  oxides  or  acid  used;  further,  that 
when  the  plates  were  free  from  sulphate  there  was  no  tendency  to 
buckle.      In  the  case  of  the  first  use  of  cells,  when   the  acid 
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was  put  in,  the  specific  gravity  dropped  in  spite  of  the  charging, 
indicating  the  formation  of  sulphate  ;  by  persevering  in  charging 
the  sulphate  disappeared,  and  with  it  the  tendency  to  buckle.  It 
is  therefore  evident  that  in  order  to  avoid  buckling  of  the  per- 
oxide plates,  cells  on  their  first  use  (whether  new  or  after  long 
disuse)  should  be  charged  incessantly  until  they  have  been  con- 
siderably overcharged. 

It  has  been  ascertained  that  in  almost  every  case  where  abnor- 
mal disintegration  takes  place,  the  plugs  of  active  material  fall  out 
of  the  plates  in  complete  halves  and  in  very  hard  condition  ;  and 
analysis  has  shown  that  they  contain  an  excess  of  sulphate,  due  to 
insufficient  charging.  On  the  other  hand,  in  a  few  instances  the 
active  material  has  been  found  to  have  become  disintegrated  and 
fallen  off  in  a  fine  powder,  and  this  was  specially  observable  when 
on  account  of  a  leak  in  the  containing- vessel  and  consequent  fre- 
quent addition  of  water,  the  solution  had  become  abnormally  weak. 
In  this  case  practically  no  sulphate  was  present,  and  the  mass 
simply  lost  cohesiveness. 

It  would  seem,  then,  that  a  certain  proportion  of  sulphate  in 
the  material  is  necessary  to  bind  it  together,  but  that  excess  must 
be  avoided. 

As  has  already  been  intimated,  buckling  is  due  to  the  expan- 
sion of  the  paste  during  sulphating,  for  lead,  being  a  very  ductile 
but  non-elastic  body,  the  grid  does  not  re-assume  its  original  shape 
when  the  subsequent  partial  contraction  of  the  paste  takes  place, 
and  to  this  must  also  be  attributed  the  loosening  of  the  pellets.  The 
contraction  being  but  partial,  the  positive  plates  become  gradually 
increased  in  size  with  continued  use.  Owing  to  the  stretching 
effect  of  the  paste,  it  is  necessary  that  the  grid  should  be  of 
equal  strength  throughout,  and  not  made  stronger  in  one  direc- 
tion than  in  another.  Efforts  have  been  made  to  harden  the  grid 
by  the  admixture  of  a  small  percentage  of  antimony,  but  the 
results  have  not  proved  satisfactory,  owing,  among  other  things, 
to  the  difficulty  experienced  in  making  the  alloy  of  uniform  pro- 
portions throughout. 

Mr.  Reckenzaun  found  that  a  positive  plate  which  had  when 
new  a  surface  of  90  square  inches,  grew  to  9476  inches  after 
one   year's   daily  use,   while  others  showed   when   almost  worn 
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out  an  increase  of  7  square  inches ;  these  measurements  being 
simply  the  product  of  the  length  into  the  breadth  of  the  plate,  and 
independent  of  corroded  or  oxidised  furrows.  The  actual  amount 
of  surface  in  contact  with  the  liquid  is  considerably  greater  than 
these  figures  would  indicate,  owing  to  the  irregularities  produced 
by  the  solution. 

When  the  rate  of  discharge  is  excessive,  there  is  considerable 
risk  of  causing  unequal  expansion  of  the  plates,  resulting  sooner 
or  later  in  buckling,  loosening  of  the  active  material,  and  short- 
circuiting.  It  is  impossible  to  prevent  a  certain  amount  of  the 
obdurate  sulphate  forming,  and  this,  being  an  insulator,  reduces  the 
available  active  surface  and  increases  the  resistance  of  the  cell. 
As  already  indicated,  considerable  difficulty  is  experienced  in  re- 
moving this  sulphate,  and  under  any  circumstances  a  certain 
amount  of  disintegration  of  the  peroxide  is  sure  to  ensue. 

But  experiments  have  been  performed  which  tend  to  show  that 
with  a  considerable  increase  in  the  charging  e.m.f.  the  sulphate 
can  be  decomposed.  This  is,  however,  a  very  tedious,  expensive, 
and  uncertain  operation  ;  but  the  formation  of  the  sulphate  can  be 
to  some  extent  prevented,  by  the  introduction  of  a  small  percentage 
of  sodium  sulphate  (NajSO^).  Mr.  Barber  Starkey  has  also  found 
that  cells  which  have  been  very  badly  sulphated  can  be  renovated 
by  the  addition  of  a  small  quantity  of  carbonate  of  soda  (common 
washing  soda).  He  says  that  a  very  badly  treated  battery  after 
it  had  been  supplied  with  some  of  the  carbonate  of  soda,  improved 
rapidly,  every  trace  of  the  formerly  intractable  white  sulphate  dis- 
aj)pearing,  and  the  plates  presenting  a  perfect  appearance.  Sub- 
sequently the  battery  worked  well  for  several  years.  This  salt 
must,  however,  be  added  carefully,  as  there  is  some  risk  of  its 
causing  a  disintegration  of  the  pellets.  One  ounce  of  soda  to  a 
gallon  of  acid  solution  is  given  as  a  good  proportion. 

If  the  cells  are  discharged  and  then  left  to  stand  idle  for  any 
length  of  time,  the  sulphating  takes  place  rapidly,  and  causes  pre- 
mature buckling  ;  the  formation  of  the  white  sulphate  probably 
arising  in  this  case,  as  was  indicated  on  p.  566,  from  the  com- 
parative weakness  of  the  solution. 

The  life  of  a  positive  plate  is  not,  however,  so  brief  as  might 
be  anticipated  from  the  many  little   difficulties  which   beset   it. 
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for  with  fair  and  continuous  usage  its  life  amounts  to  about 
three  years.  The  decay  of  the  plate  is  more  rapid  in  the  lower 
than  in  the  upper  half,  owing  probably  to  the  greater  density 
of  the  acid  solution  in  that  portion  of  the  cell.  The  life  of  a 
negative  plate,  which  is  subject  to  but  few  of  the  troubles  attend- 
ing the  positive  plate,  has  been  estimated  at  ten  years,  although  it 
remains  for  time  to  demonstrate  the  truth  or  otherwise  of  this 
assumption.  The  Electrical  Power  Storage  Co.  claim  that  the 
positives  of  the  k  type  even  when  roughly  used,  as  in  traction 
work,  will  sustain  from  800  to  1,000  discharges. 

The  capacity  of  a  cell  may  be  defined  as  the  amount  of  energy 
it  is  capable  of  storing,  and  is  calculated  generally  in  ampere-hours, 
that  is  to  say,  it  is  the  product  of  the  number  of  amperes  at  which 
the  cell  is  able  to  discharge,  into  the  number  of  hours  through 
which  it  can  maintain  that  discharge.  Capacity  is  also  estimated 
by  the  ratio  between  the  weight  of  the  material  and  the  electrical 
output.  The  amount  of  surface  exposed  to  the  solution  really 
determines  the  charge  which  a  cell  can  receive,  and  is  therefore  a 
measure  of  its  capacity. 

The  capacity  of  a  cell  is  an  important  consideration,  seeing 
that  the  prime  cost  is  considerable,  that  the  cell  is  bulky  and  there- 
fore requires  correspondingly  ample  accommodation,  and  that 
only  a  portion  of  the  plate  is  utilised.  The  capacity  can  be  in- 
creased by  more  thoroughly  *  forming '  the  paste  and  reducing  the 
proportion  of  solid  metal,  which  we  may  call  so  much  dead  weight, 
but  it  is  not  safe  to  carry  this  reduction  much  farther  than  has 
already  been  done,  or  there  will  be  considerable  risk  of  the  plate 
being  unable  to  bear  its  own  weight,  and  therefore  of  its  falling  to 
pieces. 

Many  attempts  have  been  made  to  use  other  electrodes  than 
lead  for  secondary  cells,  but  so  far  with  little  success.  Thus  one 
was  brought  out  in  which  there  was  a  lead  plate  to  be  peroxidised, 
the  other  plate  consisting  of  copper  to  be  alternately  dissolved  and 
deposited  from  a  copper  sulphate  solution ;  but  the  low  electro- 
motive force  of  this  cell  precluded  its  adoption.  For  somewhat 
similar  reasons  the  employment  of  other  suggested  solutions  has 
been  found  to  be  impracticable,  and  there  is  therefore  no  need  to 
further  discuss  them  here. 
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Coming  now  to  the  question  of  *  efficiency,'  or  the  ratio  of  the 
energy  taken  out  of  the  cells  as  compared  with  that  put  into  them, 
the  former  can,  of  course,  never  equal  the  latter.  The  phenomenon 
of  boiling,  for  example,  is  an  evidence  of  energy  being  wasted, 
for  the  current  is  then  employed  in  the  unproductive  decomposi- 
tion of  water.  It  is  often  asserted  that  secondary  cells  are  capable 
of  giving  out  80  or  more  per  cent,  of  the  energy  put  into  them, 
and  this  may  be  true  with  small  cells  wholly  but  slowly  discharged  ; 
but  the  experience  of  those  who  have  given  the  matter  long  and 
earnest  attention  is  that  the  efficiency  of  cells  of  the  ordinary 
sizes,  discharged,  at  the  normal  rate,  to  their  proper  minimum  E.M.F., 
ranges  between  65  and  75  per  cent.  Even  then  great  care  has  to 
be  taken  that  the  charging  current  is  of  the  right  strength  and 
potential  difference,  and  that  the  cells  are  maintained  in  the  best 
possible  condition.  The  efficiency  of  a  cell  depends,  as  will  pro- 
bably have  been  gathered  from  what  has  already  been  said,  very 
largely  on  the  rate  at  which  the  energy  is  discharged,  that  is  to  say, 
it  depends  upon  the  current  strength  per  unit  of  surface,  or,  as  it 
is  technically  termed,  upon  the  *  current  density.' 

The  highest  safe  rate,  which  has  been  already  stated  to  be — 
for  cells  of  the  l  type — 4  amperes  per  positive  plate,  is  equal  to 
0*01  ampere  per  square  millimetre  of  surface,  and  it  may  be  stated 
generally  that  the  lower  the  density,  the  greater  the  efficiency. 
With  a  25-ampere  cell  discharging  at  the  rate  of  5  amperes,  an 
efficiency  of  90  per  cent,  might  be  obtained,  but  on  increasing 
the  current  to  40  amperes,  the  output  falls  to  about  50  per  cent., 
for  when  the  rate  of  discharge  is  high,  the  e.m.f.  is  rapidly  re- 
duced. It  is  for  this  reason  that  with  the  15-plate  cell  previously 
described,  the  discharge  should  not  exceed  30  amperes,  and  if 
fully  charged,  such  a  cell  can  maintain  this  current  for  10  hours, 
indicating  a  commercial  capacity  of  300  ampere-hours.  Similar 
results  were  mentioned  when  speaking  of  the  various  forms  of 
cells  described  in  this  chapter,  and  it  may  be  generally  accepted 
that  the  lower  the  rate  of  discharge,  the  higher  is  the  efficiency. 
When  the  charging  current  is  excessive  there  is  also  considerable 
loss  or  waste  of  energy,  which  arises  from  the  unproductive  boiling. 
The  average  internal  resistance  of  a  cell  containing  31  L-plates  is 
but  o'ooi",  and  it  is  therefore  very  easy  to  incur  even  a  greater 
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loss  in  the  connections  of  a  battery,  than  in  the  battery  itself. 
Such  losses  of  course  reduce  the  efficiency  of  the  battery. 

It  remains  now  to  consider  the  general  utility  and  application 
of  secondary  cells,  which  may  be  classed  under  three  heads,  viz. 
storage,  regulation,  and  distribution. 

As  a  means  of  storing  energy  to  be  afterwards  converted  into 
a  current  of  electricity,  the  secondary  battery  stands  alone.  It  is 
often  compared  to  a  domestic  water  cistern,  but  the  analogy  is 
not  a  very  happy  one,  for  the  cistern  receives  a  periodical  heavy 
charge  of  water  to  be  delivered  in  small  or  large  quantities  as 
required,  while  the  battery  usually  receives  its  charge  gradually 
or  even  intermittently  as  opportunity  arises,  whereas  its  rate  of 
discharge  often  approaches  the  highest  possible,  and  frequently 
exceeds  the  charging  rate,  when,  of  course,  the  duration  of  the 
di.scharge  is  considerably  shorter  than  that  of  the  charge. 

One  of  the  greatest  obstacles  to  the  more  general  adoption  ot 
the  electric  light  is  the  practical  impossibility  of  storing  energy 
by  any  other  means  than  that  afforded  by  expensive  secondary 
batteries.  Moreover,  as  the  areas  to  be  supplied  from  a  generating 
station  are  getting  larger,  and  promise  to  increase  in  extent,  the 
potential  difference  applied  to  the  distributing  conductors  is  being 
proportionally  increased,  amounting  generally  to  1,000  or  2,000 
volts  ;  and  as  the  secondary  cell  has  a  working  electro-motive  force 
of  but  two  volts,  it  is  generally  impracticable  to  employ  such 
apparatus  at  the  generating  station  to  meet  even  the  small  demand 
during  the  daytime,  and  at  such  other  times  as  are  characterised 
by  a  very  small  output 

It  is  because  of  these  and  other  difficulties  that  where  these 
high  voltages  are  used,  alternators  are  employed,  thereby  giving 
the  advantages  already  referred  to,  and  making  the  ordinary 
electro-magnetic  transformer  available.  In  fact,  apart  from  its 
storage  properties,  the  secondary  battery  is  to  direct  current 
working  what  the  transformer  is  to  alternate  current  working, 
and  such  a  battery  is  sometimes  described  as  a  battery-transformer. 
It  would  nevertheless  be  an  inestimable  boon  if  some  device 
could  be  employed,  to  be  to  electricity  generating  stations  what 
the  gas-receiver,  or  the  so-called  gasometer,  is  to  the  gas-works. 
Although,  however,  the  secondary  battery  is  hardly  likely  to  be 
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employed  to  any  great  extent  in  public  lighting  works,  it  offers 
very  many  advantages  for  comparatively  small  or  private  installa- 
tions. In  such  cases  direct  current  working  is  the  rule  ;  but 
it  is  rarely  desired  to  keep  the  generating  plant — that  is  to  say, 
the  engine  and  dynamo — running  day  and  night,  but  rather 
to  run  it  only  during  the  hours  whea  the  load  is  heavy,  and  to 
trust  to  the  secondary  battery  to  supply  the  required  current  at 
other  times.  There  are  also  cases  in  which  it  is  desired  to  charge 
the  battery  at  the  same  time  that  other  classes  of  work  are  being 
done  by  the  engine,  possibly  during  the  light  hours  of  the  day, 
and  to  draw  upon  the  battery  for  lighting  purposes  after  the  engine 
has  been  stopped. 

Secondary  cells  have  also  the  advantage  that,  where  they  are 
used  in  sufficient  numbers  to  maintain  the  ordinary  number  of 
lamps,  they  can,  on  emergency,  be  employed  to  considerably  in- 
crease the  total  amount  of  current  supplied.  For  example,  suppose 
the  dynamo  to  be  able  to  generate  the  same  amount  of  current 
as  the  secondaries  can  discharge,  the  latter  can  be  charged  during 
the  day,  and  both  dynamo  and  battery  employed  either  indepen- 
dently or  together  for  lighting  purposes  in  the  evening. 

There  is  another  advantage  pertaining  to  the  use  of  secondar)- 
cells  consequent  on  the  fact  that  it  frequently  happens  that  the 
employment  of  an  engine  and  dynamo  in  or  near  the  house  for 
electric- lighting  purposes  is  inconvenient,  on  account  of  noise, 
smell,  &c.  In  such  cases  the  current  can  be  brought  to  the 
battery  in  the  house,  by  wire  from  the  dynamo,  and  the  energy 
there  stored  up  for  future  use,  machinery  of  every  kind  being 
thus  kept  out  of  the  house. 

Many  other  instances  where  the  storage  capacity  of  secondarv* 
cells  is  of  inestimable  value  will  probably  suggest  themselves 
to  the  student,  but  in  nearly  every  case  arrangements  must  be 
made  which  will  permit  of  the  dynamo  supplying  current  to  the 
external  circuit  at  the  same  time  that  it  is  charging  the  battery. 
There  is,  however,  one  class  of  work  in  which  the  secondar}' 
battery  fulfils  a  function  in  a  manner  peculiar  to  itself,  and  that  is 
in  the  propulsion  of  launches  and  other  comparatively  small  vessels. 
Nothing  can  be  more  objectionable  in  such  cases  than  the  dirt, 
noise,  and  smell  attendant  upon  the  employment  of  steam  power, 
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while  it  is  almost  impossible  to  conceive  anything  more  clean, 
silent,  and  agreeable  than  a  secondary  battery  placed  in  lead-lined 
teak  boxes,  stowed  in  the  hold  or  under  the  seats,  and  charged 
as  required  from  a  generating  plant  erected  on  the  banks  of  a 
river,  or  other  equally  convenient  spot.  A  word  of  caution  is, 
however,  necessary,  and  that  is  that  ample  ventilation  should 
always  be  afforded  for  the  escape  of  the  hydrogen  and  oxygen  gases 
which  are  evolved  during  the  charging,  otherwise  there  will  be 
some  risk  of  an  explosion. 

Secondary  batteries  are  also  employed  for  the  propulsion  of  tram- 
car,  and  even  of  ordinary  road  vehicles.  In  these  cases  it  is  usual 
to  have  the  batteries  arranged  in  trays,  and  then  to  slide  them  in 
and  out  of  the  cars  or  carriages  between  the  journeys.  This  method 
of  propulsion  has  so  far  met  with  but  limited  success,  chiefly  on 
account  of  the  comparatively  low  efficiency  of  secondary  batteries 
and  the  great  cost  of  wear  and  tear.  These  are  the  points  to 
which  attention  is  at  present  being  directed,  and  if  any  material 
improvement  can  be  effected  in  these  directions,  there  will 
probably  be  an  enormous  increase  in  the  application  of  batteries 
to  this  class  of  work.  It  must  be  remembered  that  a  car  with  a 
secondary  battery  and  motor  is  perfectly  self-contained,  and  has 
no  need  for  either  a  more  or  less  unsightly  overhead  conductor,  or 
the  much  more  expensive  underground  conductor  built  into  a 
conduit  running  between,  and  parallel  with,  the  rails.  These 
systems,  it  will  be  remembered,  were  dealt  with  in  Chapter  XII. 

A  secondary  battery  is  pre-eminently  serviceable  as  a  regulator 
for  maintaining  a  uniform  potential  difference,  more  particularly 
in  cases  where  the  dynamo  is  driven  by  a  gas  or  oil  engine,  and 
where,  in  consequence  of  the  irregular  and  comparatively  in- 
frequent impulses  imparted  to  the  driving  wheel,  the  potential 
difference  developed  by  the  machine  is  subject  to  considerable 
variations.  Let  it  be  supposed,  for  example,  that  a  shunt-wound 
dynamo  is  employed,  with  the  aid  of  a  secondary  battery,  to  supply 
current  to  a  number  of  lamps  joined  up  in  parallel.  Let  the 
lamps  be  made  to  take  a  pressure  of  100  volts,  and  let  it  be  sup- 
posed for  the  moment  that  the  battery  has  been  charged  to  a 
pressure  of  102  volts,  and  that  the  dynamo  at  each  impulse  of  the 
engine  develops  for  a  moment  no  volts.     Between  these  impulses 
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the  dynamo  pressure  may  fall,  and  when  an  explosion  is  *  missed/ 
it  may  even  fall,  in  the  absence  of  the  battery,  below  loo  volts. 
The  battery,  however,  tends  to  correct  these  irregularities.  Should 
the  electro-motive  force  of  the  dynamo  fall  below  that  of  the 
battery,  the  latter  will  augment  the  current  through  the  field- 
magnet  of  the  former,  and  in  the  right  direction  for  working. 
The  strength  of  the  field  will  therefore  be  increased,  and,  the 
current  in  the  armature  being  at  the  same  time  diminished,  the 
speed  of  the  engine  will  be  accelerated  and  a  higher  e.m.f. 
developed.  The  battery  will  at  the  same  time  maintain  the 
proper  voltage  on  the  lamp  terminals.  On  the  other  hand,  the 
pressure  of  no  volts  obtained  at  the  moment  of  the  impulse 
will  be  too  high  for  the  lamps,  but  in  that  case  the  cells  form  a 
low  resistance  shunt  to  the  lamp  circuit,  and  they  take  up  or 
absorb  the  superfluous  volts,  a  strong  current  being  urged  through 
them  and  increasing  their  charge. 

In  some  cases,  more  particularly  where  constant  attendance  is 
not  provided,  an  automatic  switch  is  employed  which,  in  the 
event  of  the  dynamo  pressure  falling  materially,  cuts  out  the 
machine  and  causes  the  circuit  to  be  fed  from  the  battery  alone. 
It  is  quite  conceivable  that  the  driving  belt  might  break,  or  the 
supply  of  gas  for  the  engine  be  accidentally  cut  oflf,  and  in  such 
cases  the  dynamo  pressure  would  of  course  fall  at  once,  with  the 
result  that,  unless  the  dynamo  promptly  responded  and  continued 
to  run  as  a  motor,  the  battery  would  send  such  a  strong  current 
through  the  low  resistance  armature  as  would  suffice  to  bum 
it  up.  There  are  several  automatic  switches  designed  for  pre- 
venting a  disaster  of  this  sort,  one  of  them,  the  *  Nevile  '  auto- 
matic switch,  being  illustrated  in  fig.  274.  It  consists  of  an 
electro-magnet,  with  projecting  pole-pieces  bent  over  so  as  to 
nearly  meet.  Between  them  there  is  a  balanced  permanent  steel 
magnet,  which  can  rock  horizontally.  To  the  further  end  of  the 
magnet  is  attached  a  non-magnetic  rod,  which  carries  a  copper 
fork.  The  electro -magnet  is  in  the  main  charging  circuit,  and 
the  pole-pieces  are  magnetised  one  way  or  the  other,  according 
to  the  direction  of  the  current.  If  the  dynamo  pressure  falls,  the 
current  passes  from  the  battery  to  the  machine,  and  makes  the 
polarity  of  the  lower  pole-piece  opposite  to  that  of  the  adjacent 
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end  of  the  magnet,  which  is  consequently  drawn  down,  the  copper 
fork  being  thereby  raised,  and  breaking  contact  with  the  mercury 
contained  in  the  cups  beneath  it.  The  charging  circuit  is  thereby 
disconnected.  When  the  dynamo  pressure  exceeds  that  of  the 
battery,  the  direction  of  the  current  through  the  electro-magnet — 
and,  therefore,  the  polarisation  of  the  pole  pieces — are  reversed. 
Consequently,  the  magnet  is  drawn  up,  the  fork  dipping  again  into 
the  mercury,  and  re-making  the  charging  circuit.  Mercury  switches 
are  objectionable  where  the  potential  difference  at  the  moment  of 
disconnection  is  considerable,  but  in  this  case  the  switch  can  be 
adjusted  so  as  to  act  when  the  difference  between  the  pressure  of 

Fig.  274. 


the  dynamo  and  that  of  the  battery  is  very  low,  and  in  that  case 
the  spark  caused  by  the  breaking  of  the  circuit  would  be  very 
small. 

Another  useful  piece  of  apparatus  is  an  automatic  alarum,  the 
object  of  which  is  to  indicate  when  an  excessively  high  current  is 
being  drawn  from  the  cells.  In  one  of  these  alarums  a  vertically 
fixed  solenoid,  consisting  of  a  few  turns  of  thick  wire,  is  placed  in 
the  main  circuit.  When  the  current  exceeds  a  certain  prescribed 
limit,  the  soft  iron  core  is  attracted,  and  a  horizontal  spring  at- 
tached to  it  completes  a  local  circuit,  causing  one  of  the  cells  to 
send  a  current  through  an  ordinary  electric  trembler  bell. 

In  addition  to  these,  there  are  many  other  pieces  of  apparatus, 
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ingenious   in   their  way  and   useful  for  special  purposes,  which 
however  we  need  scarcely  describe. 

The  use  of  a  regulator  switch,  such  as  that  illustrated  in  fig.  275, 
should,  however,  be  understood.  It  will  be  remembered  that  the 
working  pressure  of  a  secondary  battery  ranges  from  i'9  to  2 -4  volts 
per  cell.  If,  therefore,  a  pressure  of  100  volts  has  to  be  maintained, 
a  battery  of  53  cells  will,  when  their  pressure  has  fallen  to  i'q  each, 

Fig.  275. 


be  required.  But  53  cells  when  fully  charged  would  have  an 
electro-motive  force  of  nearly  135  volts.  Hence  the  dynamo  must 
be  capable  of  developing  this  potential  difference.  If,  however, 
the  whole  of  the  fully  charged  cells  were  to  be  joined  direct  to  the 
lamps,  the  result  would  be  that  they  would  all  break.  It  follows, 
therefore,  that  a  regulating  switch  is  necessary,  by  the  use  of  which 
the  number  of  cells  being  charged  and  the  number  feeding  the 
lamps  may  be  independently  varied.     In  the  switch  illustrated  the 
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positive  terminal  of  the  charging  dynamo  is  usually  connected  to 
the  left-hand  lever,  while  the  corresponding  main  leading  to  the 
lamps  is  connected  to  the  right-hand  lever.  These  levers  can  be 
moved  independently  over  the  switch-bars  fixed  on  to  the  slate 
base.  The  cells  near  the  positive  end  of  the  battery  are  connected, 
one  to  each  of  these  bars.  If,  therefore,  both  the  levers  are  in 
contact  with  the  top  bar  as  illustrated,  the  full  batterj'  is  connected 
both  to  the  dynamo  and  to  the  lamps.  This  rarely  happens,  the 
more  general  method  being  to  have  more  cells  under  charge  than 
are  connected  to  the  lamp  circuit,  so  that  the  right-hand  lever  is 
usually  a  few  bars  below  the  other.  The  number  of  cells  cut  out 
of  the  lamp  circuit  varies,  of  course,  with  their  electro-motive 
force.  When,  for  example,  the  cells  are  charged  up  to  a  pressure 
of  2*4  volts  per  cell,  then  42  cells  will  suffice  to  maintain  the 
lamp-pressure,  the  other  14  being  cut  out.  The  cells  in  use 
vary,  therefore,  from  42  to  53,  according  to  their  condition. 
Instead  of  having  a  switch  with  fourteen  bars,  it  is  the  prac- 
tice to  connect  two  or  three  cells  in  series  to  one  or  two  of  the 
bars,  but  this  practice  must  not  be  adopted  too  extensively,  as  the 
movement  of  the  lever  from  bar  to  bar  will  vary  the  volts  too 
rapidly  for  good  working.  It  will  be  noticed  that  the  number  of 
cells  required  to  feed  the  lamps  must  always  be  increased  when  the 
dynamo  is  disconnected.  This  arises  from  two  causes,  first  that 
the  electro-motive  force  of  a  secondary  cell  falls  when  the  charging 
current  is  switched  off,  and  secondly  that  the  potential  differ- 
ence obtained  from  a  portion  of  a  battery,  which  is,  at  the  same 
time,  receiving  a  charge,  is  made  up  of  two  parts,  viz.  the 
electro-motive  force  of  the  battery  itself  plus  the  electro-motive 
force  which  has  to  be  applied  in  order  to  urge  a  charging  cur- 
rent through  the  battery. 
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CHAPTER  XV. 

ARC   LAMPS 

In  this  and  the  following  chapter  we  have  to  deal  with  the  ques- 
tion of  illumination,  and  it  must  be  borne  in  mind  that  illumination 
is  the  whole  object  of  lighting,  so  that  it  is  very  essential  that  the 
student  should  be  careful  to  discriminate  between  the  amount 
of  light  developed  by  any  particular  source  and  the  resulting 
illumination — that  is  to  say,  the  relative  effectiveness  with  which 
that  light  is  distributed  and  utilised.  It  would  be  a  grand  achieve- 
ment if  we  could  by  artificial  means  approach  ordinar)'  sunlight 
in  quality,  in  quantity,  or  even  in  uniformity  of  distribution.  This, 
however,  we  cannot  hope  to  do.  The  light  emitted  by  an  arc 
lamp  actually  approaches  in  quality  more  nearly  to  the  solar 
luminous  rays  than  does  that  of  any  other  artificial  illuminant,  al- 
though if  an  arc  lamp  be  examined  in  bright  sunlight  it  will  pre- 
sent a  yellowish  appearance.  This  is  in  direct  opposition  to  the 
generally  prevalent  idea  that  the  arc  light  is  bluish  and  even  violet, 
but  the  illusion  only  arises  from  the  fact  that  jieople  rarely  see  an 
arc  lamp  burning  except  at  night-time,  and  as  they  have  always 
been  accustomed  to  the  decidedly  yellow  gas,  oil,  or  candle  light, 
they  naturally  by  comparison  consider  the  arc  blue.  It  is  a 
remarkable  fact  that  until  about  the  year  1881  electric  lighting 
was,  except  in  the  laboratory,  only  performed  by  the  agency  of  the 
electric  arc,  a  development  of  the  classical  experiment  made  by 
Davy  in  18 10,  when  he  employed  2,000  primary  cells  of  a  ver>' 
crude  type,  which  he  connected  to  two  pieces  of  light  wood  char- 
coal about  an  inch  long  and  one-sixth  of  an  inch  in  diameter. 
When  these  *  were  brought  near  each  other  (within  the  thirtieth  or 
fortieth  part  of  an  inch)  a  bright  spark  was  produced,  and  more 
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than  half  the  volume  of  the  charcoal  became  ignited  to  whiteness  ; 
and,  by  withdrawing  the  points  from  each  other,  a  constant  dis- 
charge took  place  through  the  heated  air  in  a  space  equal  at  least 
to  four  inches,  producing  a  most  brilliant  ascending  arch  of  light, 
broad  and  conical  in  form  in  the  middle.'  When  any  substance 
was  introduced  into  the  arc  so  produced,  *  it  became  in- 
candescent :  platinum  melted  like  wax  in  the  flame  of  a  candle  ; 
sapphire,  magnesia,  lime,  and  the  most  refractory  substances  were 
fused.  Fragments  of  diamond  and  granite  rapidly  disappeared 
without  undergoing  any  previous  fusion.'  The  arched  form  taken 
by  the  luminous  particles  of  carbon,  resulted  from  the  upward 
rush  of  the  subjacent  heated  air.  Were  the  carbons  placed  verti- 
tically,  instead  of  horizontally,  the  particles  would  be  disposed  dif- 
ferently, and  bear  little  or  no  resemblance  to  an  arch.  The  term 
arch,  in  its  abbreviated  form,  arc,  is,  however,  retained  as  the 
name  of  the  luminous  space  between  the  carbons. 

The  electric  arc  can  be  reproduced  by  placing  in  electrical 
contact  two  pieces  of  carbon,  either  of  the  gas-retort  or  of  the  pre- 
pared type,  and,  after  applying  to  them  a  potential  difference  of 
about  45  volts,  drawing  them  apart  for  a  short  distance.  Such  a 
potential  diflferepce  is  altogether  inadequate  to  cause  a  spark  to 
dart  across  even  the  shortest  air  space.  When,  however,  these  rods 
are  made  to  touch,  a  current  is  initiated,  and,  the  resistance  at  the 
point  of  contact  being  somewhat  considerable,  there  is  a  certain 
amount  of  heat  developed  at  that  point.  If  the  carbons  are  kept 
together  the  contact  surfaces  will  become  more  or  less  incan- 
descent, although  the  amount  of  light  emitted  will  be  very  small, 
the  heated  surfaces  each  serving  as  a  screen  to  intercept  the  light 
of  the  other.  If  we,  however,  separate  the  carbons,  either  by  auto- 
matic or  by  other  means,  molecular  disintegration  and  volatilisa- 
tion of  the  carbon  take  place,  and  the  air  space  is  impregnated 
with  so  great  a  quantity  of  carlx)n  particles  raised  by  the  current 
to  a  state  of  incandescence,  that  the  resistance  of  the  space  is  so 
far  reduced  as  to  allow  the  current  to  be  maintained  by  a  com- 
paratively feeble  electro-motive  force.  The  distance  to  which  the 
carbons  can  be  separated  without  absolutely  disconnecting  the 
circuit,  and  so  causing  the  arc  to  be  broken,  depends  upon 
the  E.M.F.  available,  and  can  therefore,  within  certain  limits,  be 
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increased  by  increasing  the  number  of  cells,  or  the  potential  differ- 
ence at  the  dynamo  terminals. 

The  maintenance  of  the  ends  of  the  carbon  rods  in  a  state  of 
incandescence  involves  a  continuous  disintegrating  effect  upon  the 
carbons,  as  well  as  a  certain  amount  of  consumption  by  ordinar>- 
combustion,  some  of  the  particles  uniting  chemically  with  the  con- 
stituents of  the  atmosphere.  The  products  of  combustion  are,  how- 
ever, very  much  smaller  in  quantity,  and  therefore  less  harmful, 
than  those  derived  from  a  gas,  oil,  or  candle  flame.  The  two  rods 
are  not,  with  a  continuous  or  direct  current,  consumed  at  equal 
rates,  the  consumption  of  the  rod  connected  to  the  positive  pole 
of  the  dynamo  or  battery — and  called,  therefore,  the  positive  car- 
bon— being  approximately  twice  as  much  as  that  of  the  other  or 
negative  carbon ;  when  an  alternating  current  is  employed  the 
consumption  of  both  carbons  is  practically  the  same,  because  each 
becomes  in  turn  the  positive. 

An  arc  lamp  is  an  important  piece  of  apparatus,  which  carries 
two  rods  or  pencils  of  carbon,  which,  before  the  passage  of  the 
current,  are  placed  in  contact,  but  which  the  current  itself  in  passing 
must  separate,  and  simultaneously  set  up  between  them  a  path  ot 
low  resistance,  so  that  the  current  can  continue  to  flow,  and  render 
the  ends  of  the  rods  incandescent.  But  in  order  to  maintain  the 
arc  it  is  also  essential  that  some  device  should  be  provided  for 
*  feeding '  the  carbons  together  at  a  rate  proportionate  to  their 
consumption.  It  is  obvious  that  in  order  to  maintain  this  cycle 
of  changes  a  greater  or  less  amount  of  mechanism  is  necessan. 
Before,  however,  we  can  study  this  mechanism,  some  attention 
must  be  bestowed  upon  one  or  two  other  important  considera- 
tions. 

One  very  interesting  and  striking  feature  is  the  difference  of 
formation  given  to  the  carbon  rods.  The  end  of  the  positive  rod, 
whatever  may  be  its  initial  shape  or  form,  becomes  in  a  short 
time  (see  fig.  276)  worn  down  to  a  somewhat  conical  form,  the 
apex  of  the  cone  being,  however,  absent,  and  the  carbon  hollowed 
out  so  as  to  form  a  kind  of  crater  ;  and  it  is  in  the  hollow  of  this 
crater  that  the  most  intense  heat  is  developed,  constituting  ii, 
therefore,  the  chief  source  of  light.  'J'he  negative  rod  is  gradually 
consumed  until  its  extremity  is  of  a  fairly  true  conical  shape,  but 
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somewhat  sharper  than  the  positive  carbon,  and  it  is  interesting  to 
observe  that  some  of  the  particles  of  which  the  positive  rod  is 
denuded  are  condensed  upon  the  surface  of  the  negative  rod.  If 
after  being  allowed  to  burn  for  a  sufficient  time  with  a  direct  cur- 
rent so  as  to  form  a  crater,  the  direction  of  the  current  were 
reversed,  this  crater  would  be  gradually  destroyed  and  another 
formed  on  the  other  carbon.  We  can  readily  understand,  therefore, 
that  when  the   current  rapidly  alternates 

'  Fig.  276. 

in   direction   both   the    carbons   will   be 
similarly  tapered. 

If  the  hot  crater  is  examined  through 
a  sheet  of  blue  glass,  it  will  he  seen  that 
it  is  by  far  the  most  intensely  luminous, 
and  therefore  the  most  intensely  heated, 
portion  of  the  arc.  So  great  is  the  differ- 
ence between  the  temperatures  of  the  two 
carbons  that  while  the  negative  ceases  to 
be  luminous  almost  immediately  after  the 
current  has  been  switched  off,  the  positive 
in  the  region  of  the  crater  remains  white- 
or  red-hot  for  some  considerable  time. 
When  this  carbon  has  cooled  down  so 
that  it  may  be  handled  without  incon- 
venience, it  will  be  seen  that  the  crater 

is  not  only  very  clearly  defined,  but  that  its  surface  presents  a 
smooth  and  somewhat  metallic  appearance,  and  would  seem  to 
warrant  the  assumption  that  the  exceedingly  obdurate  carbon, 
which  has  never  been  seen  in  the  liquid  state,  has  been  actually 
fused  and  re-solidified. 

It  has  been  estimated  that  while  85  per  cent,  of  the  light  is 
derived  from  the  positive  carbon,  only  10  per  cent,  comes  from 
the  negative  carbon,  the  remaining  5  per  cent,  being  attributed  to 
the  *  flame,'  or  the  illuminated  particles  between  the  two  carbons. 
Some  rough  idea  of  the  relative  thermal  intensities  of  the  various 
parts  of  the  arc  may  be  gathered  from  these  figures,  and  it  is  not 
unusual  to  speak  of  the  temperature  attained  by  the  negative  carbon 
as  being  largely  due  to  its  undergoing  a  *  roasting  '  process  in  front 
of  the  still  hotter  positive  carbon.     The  actual  temperature  attained 
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by  the  two  carbons  is  to  a  great  extent  a  matter  of  conjecture.  If 
the  substance  had  ever,  under  any  other  circumstances,  been 
liquefied  or  volatilised,  the  question  would  have  been  rendered 
much  easier,  for  then  we  should  in  all  probability  have  known  ihe 
temperature  at  which  the  change  from  the  solid  or  liquid  state  takes 
place,  and  we  should  therefore  have  known  the  limiting  tempera- 
ture to  which  the  crater  of  the  positive  carbon  could  be  raised. 
We  shall  have  occasion  to  again  refer  to  this  point,  but  it  may  here 
be  observed  that  experiment  would  appear  to  indicate  that  the 
temperature  attained  by  the  positive  carbon  is  about  3,500°  C, 
the  temperature  of  the  negative  being  somewhere  between  2,100° 
and  2,500°  C. 

It  is  a  matter  of  common  knowledge  that  all  bodies  on  being 
raised  to  the  same  temperature  become  equally  luminous,  and 
that  a  given  luminosity  results  from,  or  is  dependent  upon,  a 
definite  temperature.  It  follows  from  this  that  if,  on  different 
occasions,  a  carbon  rod  were  raised  to  the  same  luminosity,  it 
would  be  at  the  same  temperature,  and,  vice  versa,  if  it  were  raised 
to  the  same  temperature  on  different  occasions,  the  light  emitted 
in  each  case  would  be  of  the  same  intensity. 

For  the  sake  of  those  of  our  readers  who  are  not  acquainted 
with  the  character  of  a  beam  of  light,  a  few  words  on  the  subject 
may  not  be  out  of  place.  Pure  white  light  is  in  reality  composed 
of  rays  of  seven  different  colours  superposed  upon  one  another,  or 
blended  together.  These  colours  are  red,  orange,  yellow,  green, 
blue,  indigo,  and  violet,  and  it  is  by  the  simultaneous  reception  of 
these  rays,  in  certain  definite  proportions,  by  the  optic  nerves,  that 
the  sensation  of  white  light  is  conveyed  to  the  brain.  The  gene- 
rally accepted  theory  which  endeavours  to  explain  the  manner 
in  which  a  beam  of  light  is  propagated,  is  based  on  the  assumption 
that  all  interstellar  space,  and  likewise  the  space  between  the 
minute  particles  of  all  material  bodies,  is  pervaded  by  that  mys- 
terious medium  already  referred  to  as  ether. 

A  body  may  be  said  to  be  a  luminous  substance  when  it  is  a 
source  of  light-rays,  such  as  the  sun  or  a  candle  flame.  Now  the 
luminosity  of  a  body  is  ascribed  to  an  almost  infinitely  rapid 
vibration  of  its  molecules  ;  this  vibratory  motion  is  communicated 
to  the  ether  particles  pervading  and  enveloping  the  substance,  and 
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is  propagated  in   all  directions  in   the  form  of  spherical  wave- 
motions.     The  colour  of  the  ray  varies  with  or  is  determined  by 
the  rate  of  vibration.     The  velocity  with  which  light  travels  is 
about  186,000  miles  per  second,  and  it  has  been  calculated  that 
the  length  of  a  wave  of  the  extreme  red  end  of  the  spectrum 
(that  is  to  say,  of  a  luminous  ray  having  the  lowest  rate  of  vibra- 
tion) is  such  that  39,000  such  waves,  placed  end  to  end,  would 
cover  only  one  inch,  while  64,631  of  the  extreme  violet  waves 
would  be  required  to  span  the  same  distance.     It  follows  that  in 
one  second,  464   millions   of  millions  of  red  waves,  and   678 
millions    of    mil- 
lions    of     violet 
waves,   enter   the 
eye  and  strike  the 
optic  nerves. 

If  a  beam  of 
solar  light  (s,  fig. 
277)  is  allowed  to 
pass  through  a 
hole  in  the  shutter 
orwall  of  an  other- 
wise absolutely 
dark  room,  it  will 
illuminate  a  small 

section  of  the  floor,  k,  but  if  a  prism  or  wedge-shaped  piece  of 
glass  p  is  placed  in  the  track  of  the  beam  of  light,  after  the 
manner  shown  in  the  diagram,  the  beam  will  be  diverted  and  the 
rays  separated  ;  on  emerging  and  being  allowed  to  fall  upon  the 
screen,  h,  or  even  on  the  wall  of  the  room,  the  beam  will  be  found 
to  consist  of  the  seven  colours  above  enumerated.  This  many- 
coloured  band  of  light  is  generally  referred  to  as  the  spectrum. 

If  a  beam  be  not  of  a  pure  white  colour,  the  impurity  or 
irregularity  may  be  due  to  the  chemical  constitution  of  the  source 
of  light,  or  to  varying  degrees  of  luminosity.  For  example,  if  a 
beam  from  a  red-hot  substance  is  allowed  to  fall  upon  the  prism, 
the  decomposition  or  separation  of  the  rays  will  not  result  in  the 
formation  of  the  seven  coloured  bands,  those  near  the  violet  end 
of  the  spectrum  being  absent  on  account  of  the  vibrations  being 
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insufficiently  rapid  to  produce  them.  When  a  source  of  light  is 
heated  to  different  degrees  of  luminosity,  the  spectra  resulting 
therefrom  will  consequently  vary,  while,  on  the  other  hand,  if  it  is 
raised  at  different  times  to  the  same  temperature,  and  therefore 
to  the  same  degree  of  luminosity,  the  spectra  obtained  will  be 
identically  the  same  in  every  case. 

A  very  simple  piece  of  apparatus,  called  the  *  horizontal  slit ' 
photometer,  has  been  devised  by  Dr.  Nichols  for  the  purpose  of 
facilitating  the  simultaneous  study  of  the  spectra  from  two  separate 
sources  of  light.  The  instrument  is  illustrated  in  fig.  278.  It  con- 
sists of  a  direct-vision  spectroscope  with  a  horizontal  slit.  Imme- 
diately in  front  of  the  slit  are  two  *  totally  reflecting '  prisms  a  a'. 
The  shape  of  these  prisms  is  such  that  the  rays  from  the  lamps 
situate,  say,  at  c  and  d,  instead  of  passing  straight  through,  are 
P^^  ^  g  entirely  reflected 

;  c         from  the  i  nclined 
faces,  the  angle 

§"1^^    which    the     re- 
y  fleeted  rays  make 

j\     ^    with  these  faces 
being  equal    to 
;  that    made     by 

the  incident  rays. 
The  direction  of  the  two  sets  of  rays  is  indicated  in  the  figure 
by  the  dotted  lines.  The  rays  after  passing  through  the  slit 
traverse  the  dispersing  or  analysing  prisms  p,  p',  where  they  are 
decomposed  into  their  several  colours,  and  the  two  spectra  are 
projected  side  by  side,  and  can  be  viewed  together  through  the 
eyepiece  e,  which  is  furnished  for  the  purpose  with  a  horizontal 
cross  wire  and  a  diaphragm  with  a  narrow  rectangular  opening. 
This  eyepiece,  together  with  the  first  joint  of  the  telescoj)e 
arrangement,  is  movable  about  d,  the  centre  of  a  graduated  semi- 
circle, as  shown  in  fig.  279,  which  is  a  diagrammatic  view  taken  at 
an  angle  of  90**  with  that  shown  in  fig.  278.  Thus  the  whole  range 
of  the  spectra  can  be  very  conveniently  studied. 

Now,  it  has  been  ascertained  that  the  spectra  of  the  light 
emitted  by  the  incandescent  crater  of  a  pure  carbon  are  alwaj^ 
identically  the  same,  that  in  fact  the  same  proportion  between  the 
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various  coloured  bands  is  always  evidenced,  whence  it  is  at  once 
deduced  that  the  temperature  of  that  portion  of  the  fully  developed 
arc  is  always  raised  to  the  same  point.  This  constitutes  one  great 
reason  for  accepting  the  proposition  that  the  true  arc  is  attained 
when  there  is  a  volatilisation  of  the  carbon  ;  for,  so  far  as  experi- 
ment has  hitherto  led  us,  there  is  for  a  given  material  a  constant 
critical  point  of  temperature  at  which  a  change  from  the  solid  to 
the  liquid  or  to  the  gaseous  state  ensues,  and,  the  most  important 
point  of  all,  this  temperature  is  not  any  further  increased  until 
the  whole  of  the  solid  body  has  been  so  changed.  It  will  be 
evident  that  the  admixture  with  the  carbon  of  any  foreign  body 
(all  such  bodies  having  a  lower  critical  point  of  temperature  than 
carbon)  must  lower  the  temperature  at  which  volatilisation  ensues, 
and  therefore  re- 
duce the  luminosity  ^  ''"'•  ''^• 
of  the  crater. 

Moreover,  when 
a  body  is  trans- 
formed from  the 
solid  to  the  li(]uid 
or  gaseous  state,  a 
certain  amount  of 
heat,  known  as  the 

latent  heat,  is  absorbed  in  the  process.  Thus  one  pound  of  ice  at 
the  freezing  temperature  absorbs  about  as  much  heat  during  its 
conversion  into  water  at  the  same  temperature  as  would  suffice 
to  raise  the  same  mass  of  water  from  the  freezing  temi)erature  to 
80°  C.  ;  whence  the  latent  heat  of  water  is  said  to  be  80°  C.  On 
the  other  hand,  when  a  liquid  is  solidified  a  corresponding  amount 
of  heat  is  given  out  during  the  change.  Thus  one  pound  of  water 
at  the  freezing  temperature  in  being  converted  into  ice  gives  out 
as  much  heat  as  would  raise  the  temperature  of  the  same  mass  to 
80°  C. 

Again,  if  we  apply  heat  to  water  contained  in  an  open  vessel,  it 
will  be  found  impossible  to  raise  the  temperature  above  100''  C, 
any  further  heat  being  rendered  latent  in  the  steam  which  escapes. 
The  steam  on  resuming  the  liquid  state  will  give  up  this  latent 
heat.     Similarly  with   the   electric   arc.     There    is   considerable 
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resistance  at  the  surface  of  the  carbons,  the  ends  of  which  are 
therefore,  on  being  separated,  raised  to  almost  a  white  heat,  and, 
the  current  being  maintained,  the  temperature  of  the  positive 
carbon  is  further  raised  until  the  temperature  of  volatilisation 
is  reached.  The  vapour  consequently  absorbs  a  considerable 
amount  of  energy,  yielding  it  up  again  on  re-solidification.  The 
essential  point  to  be  noticed  is  that  the  temperature  of  volatilisa- 
tion having  been  once  attained,  no  further  increase  can  be  made ; 
that  is  to  say,  the  temperature  at  which  the  physical  change  from 
the  solid  to  the  gaseous  state  takes  place  is  the  limiting  temperature 
to  which  the  carbon  can  be  raised.  This  means  that  there  is  a  limit 
to  the  intensity  of  the  light  which  a  given  pair  of  carbons  can  be 
made  to  yield.  The  student  must  carefully  discriminate  between  the 
luminous  intensity  or,  as  it  is  more  generally  called,  the  *  intrinsic 
brilliance '~  of  the  arc,  and  the  quantity  of  luminous  rays  which  the 
arc  can  develop.  By  the  intrinsic  brilliance  is  meant  the  quantity 
of  light  or  of  luminous  rays  emitted  per  square  millimetre  of  crater, 
and  it  is  this  intrinsic  brilliance  which  is  limited  by  the  temperature 
of  volatilisation.  The  total  quantity  of  light  emitted  by  an  arc  is  the 
product  of  this  intrinsic  brilliance  into  the  area  of  the  crater,  and 
it  is  most  important  to  remember  that  when  the  temperature  of 
volatilisation  has  been  reached,  any  further  augmentation  in  the 
strength  of  the  current  simply  results  in  an  increase  in  the  area  of 
the  crater,  and  there  is,  of  course,  a  proportional  increase  in  the 
quantity  of  light  emitted.  This  fact  is  confirmed  by  the  experi- 
ments of  M.  Violle,  who  showed  that  the  intrinsic  brilliance  of 
the  crater  remains  sensibly  constant  when  the  power  supplied 
is  raised  through  a  range  of  i  to  60,  and  he  also  found  the 
intrinsic  brilliance  of  the  crater  identical  for  all  arcs.  The 
measurements  taken  in  various  parts  of  the  spectrum  and  the 
photographs  obtained  *  left  no  doubt  whatever  on  this  point.'  The 
power  supplied  to  the  arcs  with  which  he  experimented  ranged 
from  10  amperes  at  50  volts  up  to  400  amperes  at  85  volts, 
and  it  was  in  this  series  of  experiments  that  the  temperature  of 
volatilisation  was  estimated  to  be  not  less  than  3,500°  C.  The 
intrinsic  brilliance  of  a  fully  developed  arc  has  been  estimated 
at  160  candle-power  per  square  millimetre  of  crater  area. 
According  to  M.  Blondel,  who  has  worked  assiduously  in  striving 
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to  solve  many  of  the  problems  in  arc  lighting,  the  intrinsic  brilliance 
of  carbon  at  3,500®  C.  is  8,000  times  as  great  as  that  of  platinum 
at  1,775^  C. 

The  positive  carbon  being  made  hotter  than  the  negative,  but 
yet  not  exceeding  a  certain,  although  imperfectly  defined,  maximum, 
warrants  the  assumption  that  the  negative  is  never  volatilised,  and 
that  any  diminution  which  it  may  suffer  must  arise  from  simple 
combustion  consequent  upon  the  combination  of  the  red-hot  car- 
bon with  atmospheric  oxygen.  But  as  there  is  no  free  oxygen  in 
the  track  of  the  current  -  that  is,  along  the  line  joining  the  two 
carbons— the  combustion  takes  place  around  the  outer  surfaces 
of  the  carbon,  and  this  accounts  in  a  great  measure  for  the 
conical  shat)e  assumed  by  it.  To  a  similar  action  must  also  be 
ascribed  the  partial  tapering  of  the  positive  carl>on. 

Accepting  the  theory  that  the  carbon  is  gradually  volatilised  in 
the  crater,  and  that  there  is  a  certain  definite  temperature  at  which 
this  volatilisation  takes  place,  there  is  also  involved  the  necessity 
for  the  expenditure  of  a  certain  definite  minimum  amount  of  energy, 
in  order  that  these  changes  may  be  brought  about.  It  has  been 
observed  that  in  order  to  maintain  a  properly  developed  arc,  a 
potential  difference  of  about  44  volts  between  the  two  carbons  is 
necessary,  and  it  has  also  been  demonstrated  that  of  this  amount 
38  or  39  volts  are  lost  or  expended  at  or  near  the  surface  of  the 
crater,  the  remaining  5  or  6  volts  sufficing  to  maintain  the  circuit 
through  the  carbon  and  other  vapours  between  the  two  rods. 

In  the  present  state  of  our  knowledge  it  is  difficult  to  definitely 
attribute  this  sudden  fall  of  potential  at  the  crater  to  any  specific 
cause,  but  a  number  of  explanations  have  been  attempted.  It  is 
scarcely  probable  that  the  phenomenon  is  due  simply  to  the 
ordinary  resistance  at  the  surface  of  the  carbon,  for  then  it  would 
be  difficult  to  account  for  the  absence  of  a  corresponding  resis- 
tance at  the  surface  of  the  negative  carbon.  There  is,  however, 
reason  to  believe  that  the  fall  is  due  to  the  volatilisation  of  the 
carbon,  and  that  the  volts  absorbed  afford  a  measure  of  the  energy 
required  in  overcoming  the  molecular  attractions  or  cohesive  force 
of  the  carbon  particles,  and  it  has  been  supposed  that  these 
reactions  result  in  the  establishment  of  a  counter  electro-motive 
force  in  the  arc,  between  the  carbon  vapour  and  the  positive  rod, 
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amounting  to  nearly  39  volts.  This  assumed  effect  is  somewhat 
analogous  to  that  accounting  for  the  reaction  which  is  set  up 
when  a  current  is  sent  through  a  voltameter,  and  which  was  fully 
entered  into  in  the  preceding  chapter.  The  effect  is  also  parallel 
to  that  remarkable  feature  in  the  action  of  electric  motors,  viz. 
the  counter  e.m.f.  which  is  set  up  by  the  armature  when  it  is 
caused  to  revolve  in  an  established  electro-magnetic  field. 

When  the  current  is  switched  off,  however,  no  evidence  is 
obtainable  of  the  existence  of  any  back  e.m.f.  between  the  carbons, 
but  these  negative  results  do  not  give  any  convincing  proof  of  its 
non-existence.  The  gases  between  the  carbons  speedily  get  cool  or 
even  displaced,  and  consequently  the  carbons  are  separated  by  an 
ahnost  perfect  insulator,  and,  the  electrical  condition  of  the  carbon 
vapour  being  a  paramount  factor  in  the  question,  it  follows  that 
the  only  free  portions  of  such  electricity  as  would  flow,  did  cir- 
cumstances permit,  would  be  those  existing  on  the  electrodes,  and 
these  are  in  any  case  very  trifling.  If  we  were  able  by  some  means 
other  than  the  arc  itself  to  have  the  two  carbons  raised  to  and 
maintained  at  temperatures  such  as  they  attain  in  the  arc,  then 
we  might  perhaps  cbtain  some  direct  proof  of  the  existence  or 
otherwise  of  this  back  e.m.f. 

The  whole  question  of  the  existence  or  otherwise  of  a  counter 
electro-motive  force  is,  therefore,  still  shrouded  in  doubt,  but  this 
much  is  certain,  that  there  is,  in  a  properly  developed  arc,  a  fall  of 
potential  in  the  immediate  neighbourhood  of  the  crater  of  about 
39  volts,  and  this  fall  is  independent  of  the  length  of  the  arc,  of 
the  area  of  the  crater,  and  of  the  true  resistance  of  the  various 
parts  of  the  circuit.  It  is  an  interesting  fact,  and  one  which  has 
given  rise  to  many  different  conjectures,  that  the  apparent  resis- 
tance of  the  arc  does  not  increase  proportionally  with  the  distance 
between  the  rods.  The  resistance  of  an  arc  of  one-tenth  of  an 
inch,  for  example,  is  nothing  like  double  that  of  an  arc  of  one- 
twentieth  of  an  inch.  But  this  is  only  what  should  be  expected  if 
the  theory  of  volatilisation  of  the  positive  carbon  is  accepted,  for 
however  long  the  arc  may  be,  the  volatilisation  can  only  take  place 
in  the  crater.  If,  however,  the  resistance  of  the  air-space  with  its 
impregnation  of  carbon  particles,  were  the  only  element  entering 
into  the  question,  the  resistances  in  the  two  cases  instanced  should 
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be  exactly  as  two  to  one.  But  experiments  have  been  made 
with  arcs  of  different  lengths  (the  electro-motive  force  being  also 
varied  so  as  to  keep  the  current  strength  constant),  with  the  result 
that,  allowing  for  a  definite  fall  of  39  volts,  there  remained  a  resis- 
tance which  varied  proportionally  with  the  length  of  the  arc,  and 
which  afforded  thereby  a  demonstration  of  the  actual  existence  of 
a  sudden  drop  at  this  point,  which  might  be  due  either  to  the 
development  or  existence  of  a  counter  E.M.F.,  or  simply  to  the 
energy  absorbed  by  the  carbon  in  volatilising. 

The  great  practical  lesson  to  be  derived  from  a  knowledge  of 
this  effect  is  that  the  potential  difference  which  is  applied  to  the 
lamp  must  always  exceed  39  volts,  or  it  will  fail  to  maintain  the 
arc.  It  is,  in  fact  usual  to  provide  a  potential  difference  of 
about  50  volts  for  each  lamp  ;  the  actual  or  true  resistance 
of  the  arc  itself,  that  is,  of  the  air  space  separating  the  carbons 
when  they  are  in  the  normal  position  for  lighting,  or  at  a  distance 
of  about  3  millimetres  apart,  being  variously  estimated  at  some- 
thing between  one-eighth  and  one-half  of  an  ohm.  Our  own  ex- 
periments tend  to  show  that  the  latter  value  is  the  correct  one. 

When  the  potential  difference  between  the  carbons  falls  below 
40  volts  a  steady  arc  cannot  be  maintained,  and  the  carbons  rise 
and  fall  (or  *  pump ')  vigorously  —that  is  to  say,  the  current  with 
the  carbons  in  contact  is,  consequent  upon  the  reduced  resistance, 
heavy,  and  the  carbons  accordingly  separate  and  strike  the  arc  ; 
but  the  feeble  electro-motive  force  provided  is  incompetent  to 
cause  the  all-important  volatilisation  of  the  carbon,  and  the  path 
for  the  current  is  wanting  in  the  required  amount  of  carbon  vapour. 
As  a  consequence,  the  carbons  feed  forward  rapidly,  to  be  again 
jerked  apart,  and,  these  reactions  being  continued,  we  have  a 
variable,  hissing,  and  unsteady  arc.  Under  these  circumstances 
no  true  crater  is  completely  formed  ;  there  is  no  true  volatilisation, 
and  neither  of  the  carbons  is  raised  to  its  limiting  temperature. 
They  are  rendered  only  feebly  incandescent,  and  comparatively 
little  light  is  emitted. 

Letting  it  be  granted  that  the  minimum  potential  difference 
required  is  determined  by  the  temperature  of  volatilisation,  it 
should  be  evident  that  a  smaller  difference  would  be  sufficient  to 
maintain  a  given  current  between  any  pair  of  rods,  such  as  iron, 
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copper,  or  zinc,  which  have  a  lower  *  boiling-point '  than  carbon, 
and  that,  as  a  correspondingly  smaller  amount  of  energy  is  ab- 
sorbed, the  intensity  of  the  light  emitted,  or  the  intrinsic  brilliance 
of  the  arc,  should  be  reduced. 

AVe  have,  as  a  matter  of  fact,  demonstrated  this  point  experi- 
mentally ;  for  example,  two  arc  lamps  were  placed  in  series  so  that 
the  same  current  was  maintained  through  them,  but  one  of  the 
lamps  had  carbon  rods,  while  the  other  had  iron  rods  of  similar 
dimensions.  The  illuminating  powers  were  then  compared  by 
placing  the  lamps  on  opposite  sides  of  the  disc  of  a  Hartley's 
Bunsen  photometer.  The  potential  differences  absorbed  by  the 
respective  pairs  of  rods  were  measured  simultaneously,  and  it  was 
found,  for  example,  that  with  a  current  of  lo  amperes  and  arcs  of 
equal  length  the  carbons  absorbed  57  volts,  while  the  iron  rods 
took  only  27  volts.     A  few  of  the  results  are  appended  : — 


I 


I 


Current 

in 
Amperes 


Volts  between  ends  of  rods      i     ^"'*"*Sof.^r'J"5^  *""*" 

photometer  disc 


Carbon  Iron  Carbon         '  Iron 


10  57  27  64  31  I 

85  55  26  63  32  I 

7  5  53  25  I  65  30 

Averages 
8-6         '  55  26  64  31  I 

In  each  case  the  arcs  were  of  equal  length,  about  fV  inch.  The 
iron  used  was  soft,  and  of  the  same  diameter  as  the  carbon. 
It  is  interesting  to  notice  that  no  spluttering  was  observed  in  the 
iron  arc  after  the  current  became  steady,  and  it  will  be  seen  that 
the  potential  difference  required  by  the  iron  arc  was  only  about 
half  that  necessary  for  the  ordinary  carbon  arc,  while  the  illumina- 
tion was  only  about  one-fourth,  clearly  showing  that  the  electrode 
with  the  higher  boiling-point  required  a  higher  electro-motive 
force,  and  that  as  the  temperature  of  the  electrodes  was  in- 
creased the  efficiency  of  the  lamp  was  enhanced. 

Similar  experiments  were  performed  with  rods  of  copper,  brass, 
and  other  metals  in  place  of  the  carbon,  but  they  all  told  the 
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same  tale — namely,  that  the  required  electro-motive  force  depends 
upon  the  volatilisation  temperature  or  boiling-point  of  the  material 
of  which  the  electrodes  were  composed.  The  experiment  with 
zinc  rods  was  highly  entertaining.  They  spluttered  and  guttered 
considerably,  although  a  fairly  steady  arc  was  capable  of  being 
maintained  for  a  short  time.  Occasionally  the  upper  rod  would 
penetrate  some  distance  into  the  lower,  the  centre  of  which  was 
simply  a  mass  of  molten  metal  encased  in  a  solid  tube,  which 
would  ultimately  give  way  some  distance  down  the  rod. 

When  the  distance  between  the  carbons  is  excessive,  the  end 
of  the  lower,  or  negative,  carbon  becomes  less  tapered  or  conical, 
and  the  arc  flares  and  flickers,  travelling  from  side  to  side  across 
the  carbons.  There  is  then  a  considerable  increase  in  the  amount 
of  chemical  combustion  going  on,  with  the  result  that  the 
electrical  efficiency  is  reduced  and  the  illumination  becomes  very 
variable.  When  the  distance  is  too  small  the  taper  of  the  negative 
carbon  is  lengthened,  the  illuminating  power  of  the  arc  is  reduced 
by  each  carbon  acting  as  a  screen  for  the  other,  and  an  un- 
pleasant hissing  sound  is  produced.  This  shortening  of  the  arc 
is  accompanied  by  a  very  imperfect  crater  of  reduced  area, 
and  it  is  only  from  a  portion  of  this  area  that  the  arc  is  at 
any  one  moment  passing.  To  this  phenomenon  and  the  con- 
sequent varying  physical  condition  of  the  crater  the  hissing  may 
perhaps  be  attributed.  When  the  carbons  are  too  large  the 
current  density  is  proportionally  reduced  ;  the  area  of  the  true 
crater  is  likewise  reduced,  and  the  arc  is  liable  to  shift  and  get 
out  of  centre. 

The  efficiency  and  reliability  of  an  arc  lamp  depend  very  largely 
upon  the  quality  of  the  carbons  employed.  When  gas-retort  or 
other  irregular  carlwn  is  used,  the  impurities  contained  therein  are 
fused  and  give  rise  to  small  nodular  growths  which,  under  a  lens, 
or  even  a  common  magnifying  glass,  impart  to  the  rods  a  remark- 
able appearance,  as  illustrated  in  fig.  280.  These  nodular  ex- 
crescences do  not  manifest  themselves  when  properly  prepared 
carbons  are  employed.  Their  very  presence  denotes  a  wasteful 
consumption  of  energy,  for  they  imply  that  the  impurities  are,  as 
it  were,  sorted  out  from  the  other  constituents  of  the  electrodes  ; 
they  are  then  concentrated  and  liquefied,  and  urged  across  the 


Digitized 


by  Google 


592  Electrical  Engineering  chap.  xv. 

arc  from  one  carbon  to  the  other,  without  emitting  that  percentage 
of  light  rays  which  would  arise  were  the  energy  they  absorb  ex- 
pended on  the  carbon.  As  might  have  been  gathered  from  what 
has  already  been  said,  these  impurities  also  reduce  the  efficiency 
of  the  arc  by  hindering  the  carbon  from  attaining  its  maximum 
temperature. 

When  the  carbons  are  very  porous  or  wanting  in  density,  the 
arc  is  usually  lengthened,  the  carbon  disintegrating  readily  and 
flaring  considerably.     With  pieces  of  gas-coke  an  arc  of  some 
inches  can  be  obtained.     Mr.  Varley  introduced  at  the  Inventions 
Exhibition  a  lamp  with  *  flexible '  carbons, 
composed  of  pieces  of  charred  rope  which 
were  coiled  up  in  the  lamp,  and  which 
were  uncoiled  as  they  consumed.    In  this 
case  the  arc  was  an  inch  or  more  in  length. 
This  was  to  some  extent  an  advantage,  as 
only  a  small  percentage  of  the  rays  ema- 
nating from  the  crater  were  intercepted 
by  the  negative  carbon. 

The  composition  of  and  the  method 
of  preparing  or  manufacturing  artificial 
carbons   vary  considerably,  the   precise 
details  being  in  most  cases  regarded  as 
trade  secrets.  Generally,  however,  graphite 
derived  from  gas-retort  carbon  forms  the 
basis,  this  being  intimately  mixed  wnth  pure 
carbon  powder  derived  from  the  destruc- 
tive distillation  of  some  such  organic  substances  as  gas-tar,  pitch, 
or  bitumen.    An  adhesive  substance,  such  as  a  syrup  of  cane-sugar 
and  gum,  is  then  added  to  make  a  paste,  the  rods  being  shaped 
cither  by  simply  moulding  or  squeezing,  or  by  forcing  the  mixture 
with  considerable  pressure  through  a  die  plate.     The  latter  method 
is  considered  to  be  the  more  satisfactory.     The  rods  so  formed  are 
then  baked  in  an  oven  a  number  of  times,  to  decompose   the 
carbonaceous  compounds,  and  drive  off"  the  volatile  constituents. 
Immersion  in  syrup  usually  takes  place  between  the  bakings.     But 
great  care  is  essential  to  remove  any  foreign  substance  from  the  in- 
gredients, and  so  to  ensure  the  production  of  a  homogeneous  rod 
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The  chief  requirements  which  it  is  necessary  that  a  carbon  rod 
should  fulfil  are  that  it  should  be  dense,  that  its  molecular  or 
mechanical  structure  should  be  uniform,  that  it  should  be  pure, 
and  that  its  electrical  resistance  should  be  low. 

The  resistance  of  prepared  carbon  varies  with  the  different 
makers,  the  resistance  of  one  specimen  amounting  to  2,430 
times  that  of  a  similar  piece  of  pure  copper,  or  nearly  4,000 
microhms  per  cubic  centimetre.  The  specific  resistance  of  the 
comparatively  impure  and  more  crystalline  gas-retort  carbon  has 
been  found  to  be  17  times  as  great  as  that  of  the  prepared 
material.  The  actual  resistance  of  the  prepared  carbons  ordinarily 
used  for  arc  lamps  is  from  o'l  5  to  o*i  75  ohm  per  foot.  In  order  to 
reduce  this  they  are  sometimes  coated  with  a  layer  of  copper 
deposited  electrolytically.  But  the  metallic  deposit  should  be 
very  thin,  otherwise  it  will  melt  for  some  distance  up  the  rod, 
and  there  will  be  a  danger  of  fused  globules  falling  off  on  to  the 
glass  globe  and  fracturing  it.  It  may  also  be  in  sufficient  quantity 
to  decidedly  tinge  the  flame  of  the  arc  with  the  characteristic  green 
hue  of  burning  copper. 

It  is  obvious  that  when  long  carbons  are  used  it  is  important 
that  the  specific  resistance  should  be  reduced  as  much  as  possible. 
The  resistance  of  a  pair  of  new  carbons  has  an  appreciable  effect 
upon  the  total  resistance  of  the  lamp,  and  the  reduction  as  the 
rods  bum  away  tends,  under  a  constant  potential  difference  at 
the  terminals,  to  increase  unduly  the  strength  of  the  resulting 
current. 

Carbons  are  frequently  *  cored.'  There  are  two  ways  of  doing 
this  ;  the  older  process  consists  in  first  making  the  carbon  in  the 
form  of  a  tube  with  a  small  hole  or  channel  along  the  axis,  and 
with  thick  sides,  the  channel  being  closed  at  one  end.  A  solution 
of  certain  materials,  containing  in  suspension  a  fine  powder  of  the 
same  nature  as  the  carbon  rod,  is  then  introduced  at  the  free 
end  under  high  pressure  and  at  a  high  temperature.  The  more 
truly  liquid  and  volatile  portions  of  the  solution  pass  into  the 
pores  of  the  carbon,  and  are  finally  more  or  less  evaporated. 
This  solution  is  intended  to  displace  the  air  or  other  gases  which 
are  entangled  or  occluded  in  the  carbon,  and  which  might  other- 
Avise  make  the  rod  too  soft,  or  wanting  in- density.     The  hole 
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and  pores  are  thus  gradually  filled  with  powdered  carbon,  and 
ultimately  a  dense  and  compact  rod  is  obtained.  The  core  is 
usually  greyer  than  the  rod  itself.  In  the  second,  or  more  recent, 
process,  the  core  is  made  first  and  is  then  placed  in  a  mandril 
contained  in  a  press,  in  such  a  manner  that  as  the  mass  of 
carl)on  paste  is  pushed  along  under  the  action  of  the  plunger, 
it  carries  the  core,  which  projects  slightly  beyond  the  mandril, 
with  it. 

It  is  customary  with  direct  currents  to  use  a  cored  carbon  for 
the  positive.  The  core  serves  the  purpose  of  keeping  the  crater 
central,  and  so  conducing  considerably  towards  steadiness  in  burn- 
ing. This  core  is,  however,  somewhat  less  luminous  than  the  re^t 
of  the  carbon,  due  possibly  to  the  presence  of  a  small  quantity  of 
impurity  which,  volatilising  at  a  lower  temperature  than  carbon,  is 
consequently  less  heated.  Both  the  carbons  in  alternate  current 
lamps  are  cored. 

The  illuminating  power  of  an  arc  lamp  is  a  somewhat  debate- 
able  point,  but  it  may  be  taken  as  being  very  near  the  truth  that 
the  actual  power  of  a  so-called  2,000  candle-power  arc  lamp  is 
equal  to  that  of  not  more  than  875  candles.  Assuming  a  lamp  to 
give  a  light  of  875  candle-power  when  the  current  strength  is  10 
amperes  and  the  e.m.k  50  volts,  it  will  be  evident  that  this  amount 
of  light  is  produced  at  a  cost  of  500  watts,  so  that  were  a  lamp  to 
consume  one  electrical  horse-power,  or  746  watts,  it  should  yield  a 
light  of  about  1,300  candle-power.  Allowing,  however,  for  the 
various  losses  in  the  conversions,  it  may  be  taken  that  on  an 
average  circuit  the  engine  indicates  one  horse-power  for  each 
ordinary  or  875  candle-power  lamp. 

Mr.  A.  P.  Trotter,  in  a  very  exhaustive  and  valuable  paper, 
demonstrates  that  the  distribution  of  the  light  rays  *  is  precisely  and 
identically  the  same  as  though  the  end  of  the  positive  carbon  were 
fiat.  No  tilting  of  an  incandescent  or  other  luminous  surface  can 
make  it  brighter  ;  and,  on  the  other  hand,  if  it  is  covered  with  a 
thin  imperfectly  transparent  layer,  as  in  the  case  of  the  atmosphere 
of  the  sun,  the  edge  will  appear  less  bright  than  the  middle  of  the 
disc.  The  quantity  of  light  emitted  by  an  incandescent  disc  in 
any  direction  is  proportional  to  the  amount  of  surface  visible 
from  that  direction/    The  use  of  globes  considerably  reduces  the 
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amount  of  light  actually  obtained  from  a  lamp.  The  proportion 
of  light  cut  off  by  globes  has  been  determined  to  be  : — 

For  clear  glass        .  .  .  about  lo  per  cent. 

„    light  ground  glass  .  .         ,,30      „ 

„    heavy      „         „  .  .  45  to  50      „ 

„    strong  opal        „  •  50  to  60       „ 

The  diameter  of  the  carbon  rod  varies  with  the  light  it  is 
required  to  give  or  the  current  it  is  required  to  carry,  those  most 
frequently  employed  ranging  from  11  to  13  millimetres  in  thickness. 
The  lower  or  negative  carbon  is,  however,  in  direct  current  lamps 
usually  thinner  than  the  upper  one, 
the  object  being  to  reduce  the  loss 
of  light  due  to  the  screening  of  the 
crater. 

The  carbons  employed  at  the 
South  Foreland  are  fluted  instead 
of  being  round,  the  actual  shape 
being  illustrated  in  the  cross  section 
shown  in  fig.  281.  Two  sizes  are 
used,  of  50  and  60  millimetres  out- 
side diameter  respectively,  both 
being  provided  with  graphite  cores. 
The  current  employed  is  an  alter- 
nating one,  and  it  ranges  from  180 

to  300  amperes,  the  variation  in  the  current  being  made  to 
correspond  with  alterations  in  the  state  of  the  atmosphere.  It 
was  found  that  with  the  full  current,  a  40-millimetre  cylindrical 
carbon  became  red  hot  throughout  its  length ;  hence  the  adoption 
of  the  fluted  carbon,  for  although  the  60-millimetre  carbon  has  a 
cross  section  equal  to  that  of  a  46-millimetre  round  carbon,  it  has 
a  cooling  surface  50  per  cent,  greater,  and  does  not,  therefore,  get 
inconveniently  hot  away  from  the  arc  itself.  Fluted  carbons  also 
assist  in  keeping  the  arc  central.  For  purposes  of  projection  the 
alternating  arc  is  in  one  sense  advantageous  in  that  it  prqjects  the 
majority  of  its  rays  hoiizontally. 

The  South  Foreland  arc,  when  round  rods  are  employed,  is  un- 
steady, the  carbons  burn  irregularly,  and  the  embryo  craters  on  the 
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two  carbons  are  constantly  shifting,  while  there  is,  with  the  heavy 
currents  referred  to,  little  or  no  actual  clearance  between  the 
carbons.  In  fact,  the  arc  seems  to  wander  about  the  ends  of  the 
rods,  and  in  so  doing  to  set  up  a  kind  of  interlocking  between 
the  carbons,  and  to  cause  therefore  a  luminosity  which  varies, 
in  the  course  of  a  few  minutes,  as  much  as  30  per  cent.  The 
photometric  readings  show  that  with  a  current  of  240  amperes 
the  luminosity  is  equal  to  16,000  candles. 

The  experience  which  has  so  far  been  gained  with  alternating 
current  lamps  is  not  very  extensive,  but  they  are  usually  attended 
by  one  serious  objection,  viz.  a  remarkable  humming  sound  which 
is  pitched  in  unison  with  the  rate  of  reversal  in  the  alternator  itself. 
There  can,  however,  be  no  doubt  tliat  this  type  of  lamp  is  less 
efficient  than  one  supplied  with  a  direct  current.  As  has  been 
already  pointed  out,  the  alternations  prevent  the  development  of  a 
true  crater,  and  consequently  there  is  little  or  no  volatilisation. 
The  virtual  ?:.m.k.  necessary  for  an  alternating  arc  is  less  than 
38  volts,  but  the  actual  range  is  from  zero  to  a  maximum 
of  about  50  volts,  and  there  is  reason  to  supjwse  that  it  is  only 
during  the  momentary  duration  of  these  higher  voltages  that 
there  is  any  effort  to  raise  the  carbon  to  its  standard  temp)era- 
ture  of  volatilisation.  The  light  which  is  obtained  is  due  mainly 
to  the  more  or  less  incandescent  ends  of  the  carbon  rods,  both  of 
which  are  tapered.  It  must  also  be  noticed  that  while  a  large 
proportion  of  the  rays  are  directed  horizontally,  the  number  of 
rays  projected  upwards  is  equal  to  the  number  directed  down- 
wards ;  on  the  other  hand,  the  distance  between  the  carbons  is,  in 
lamps  of  normal  size,  greater  than  with  a  direct  current  lamp,  so 
that  the  screening  of  one  carbon  by  the  other  is  lessened  ;  it  is 
also  lessened  in  consequence  of  the  more  perfect  taper  of  the 
carbon  ends. 

The  power  taken  by  an  ordinary  alternating  arc  with  a  current 
of  10  amperes  under  a  pressure  of  38  volts  is  but  380  watts,  as 
compared  with  500  watts  for  the  direct  current  10-ampere  lamp. 
It  is  juggling  with  facts  to  claim  it  as  an  advantage  for  the  alter- 
nating current  arc  that  it  requires  the  lower  voltage.  If  we  could 
find  a  lamp  which  would  require  100  volts  in  order  to  yield  its 
maximum  intrinsic  brilliance,  it  would  be  an  invaluable  discovery 
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both  for  series  and  for  parallel  working,  because  the  efficiency 
would  be  greater  and  the  current  which  would  be  taken  would  be 
proportionally  reduced,  the  employment  of  wasteful  resistances 
and  choking  coils  in  parallel  working  being  proportionally  lessened. 
During  those  portions  of  the  cycle  of  voltage  when  the  pressure 
is  low — lower,  in  fact,  than  that  required  for  volatilisation— such 
light  as  is  developed  is  due  to  carbons  which  are  really  undergoing 
a  cooling  process.  In  fact,  when  the  illumination  obtained  is 
compared  with  the  power  expended,  the  alternate  current  is  less 
efficient  than  the  direct  current. 

Mr.  Mordey  has  expressed  an  opinion  that  the  carbons  act  ijs 
a  sort  of  thermal  flywheel,  tending  to  keep  up  the  temperature 
when  the  amperes  and  volts  are  low.  Let  it  be  granted  that  this 
is  to  some  extent  true,  it  is  equally  true  that  there  is  a  corresponding 
tendency  when  the  amperes  and  volts  are  high  to  keep  the  carbons 
cool.  If,  therefore,  the  thermal  flywheel  be  granted  a  perfect 
efficiency,  then  the  mean  luminosity  developed  must  be  consider- 
ably lower  than  that  of  a  lo-ampere  direct  current  lamp.  This  is 
very  important,  because  any  increase  in  the  amount  of  energy 
absorbed  results  in  an  increasing  addition  to  the  amount  of  light 
developed.  It  would  be  exceedingly  interesting  to  study  an 
alternating  arc  in  a  de-oxygenised  atmosphere.  Owing  to  the 
small  amount  of  volatilisation,  and  the  absence  of  chemical  com- 
bustion, the  consumption  of  carbon  should  be  ver}'  small. 

It  has  also  been  urged  as  one  of  the  advantages  pertaining  to  the 
alternating  arc,  that  the  alternations  cause  a  slight  vibration  to  l}e 
set  up  in  the  mechanism  of  the  lamp,  which  tends  to  assist  the 
feeding  of  the  carbons,  but  in  these  days  a  lamp  that  requires  to 
be  shaken  in  order  to  work  properly  had  better  be  discarded. 

The  Jablochkoff"  *  candle '  was  devised  by  M.  Paul  Jablochkoff" 
in  1872,  and  caused  considerable  excitement  at  the  Paris  Exhi- 
bition of  1878.  It  is  perhaps  the  simplest  conceivable  form 
of  arc  lamp,  although,  as  it  is  not  economical,  and  as  each 
candle  burns  for  only  90  minutes,  it  is  rarely  used.  The  candle 
consists  of  two  pencils  of  prepared  carbon  about  22  centimetres 
long  and  4  millimetres  in  diameter,  fixed  parallel  to  one  another 
but  separated  by  a  strip,  2  milUmetres  thick,  of  some  fusible 
non-conducting  material   §uch  as   kaolin.     Pieces  of  split   brass 
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tubing,  5  centimetres  long,  are  placed  over  the  lower  ends  of  the 
carbon  pencils,  and  serve  to  form  connection  with  the  holder  which 
is  attached  to  the  base  of  the  lamp.  The  upper  ends  of  the 
pencils  are  scarfed,  and  a  small  lighting  fuse  consisting  of  a  paste 
of  plumbago  and  gum  serves  to  connect  them  together  elec- 
trically, and  affords  a  path  for  the  initial  flow  of  the  current.  This 
fuse  is  speedily  consumed  and  the  arc  established.  An  alternating 
current  is  employed,  so  that  the  pencils  are  uniformly  consumed, 
the  insulating  material  also  being  burnt  at  the  same  rate.  Owing 
to  the  interposition  of  the  insulating  strip,  that  is,  to  the  separation 
of  the  carbons,  a  candle  after  having  been  once  extinguished  cannot 
be  re-ignited  unless  a  fresh  lighting  fuse  is  added,  or  the  pencils  tem- 
porarily connected  by  a  piece  of  wire,  or  by  another  piece  of  carton. 
The  lamps  are  joined  in  series  on  a  circuit  through  which  a  cur- 
rent of  eight  amperes  is  sent,  the  potential  difference  at  the 
terminals  of  each  lamp  being  about  42  volts.  The  rate  of  con- 
sumption of  electrical  energy  is  therefore  about  '>^2fi  watts,  and 
this  is  sufficient  to  yield,  from  an  open  light,  a  luminosity  of  rather 
less  than  400  candle-power.  It  is  customary  to  lix  a  number  of 
candles,  generally  four,  in  a  lamp,  and  consume  them  in  succession. 

Another  class  of  arc  lamp,  called  the  semi- incandescent,  used, 
however,  with  a  direct  current,  is  typified  by  the  Werdemann 
lamp,  which  consists  of  a  large  rounded  block  of  carbon  connected 
to  the  negative  lead  and  supported  by  a  hinged  bracket.  The 
positive  lead  is  connected  to  a  thin  pointed  carbon  rod,  which,  by 
means  of  a  weight  attached  to  a  cord  working  over  a  pulley  and 
fastened  to  its  lowered  end,  is  kept  in  contact  with  the  hinged 
block.  Both  carbons  become  incandescent  at,  or  in  the  vicinity 
of,  the  point  of  contact.  The  rod,  is  of  course,  somewhat  rapidly 
consumed,  and  a  hole  gradually  formed  in  the  carbon  block, 
no  true  arc  being  developed.  Great  things  were  expected  of  this 
lamp,  but  it  was  very  inefficient  and  is  now  obsolete. 

Our  chief  object  in  referring  to  these  lamps  is  to  give  some 
little  idea  of  the  channels  into  which  men's  minds  were  directed 
in  their  earlier  efforts  to  *  sub-divide '  the  electric  light,  or,  more 
correctly  speaking,  to  maintain  a  number  of  comparatively  small 
lamps  on  one  circuit. 

Coming  now  to  the  question  of  arc  lamps  in  their  present  state, 
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it  would  be  convenient  if  we  were  able  to  satisfactorily  classify 
them,  or  divide  them  into  a  few  distinctive  types,  but  there  is 
absolutely  no  simple  or  natural  classification,  and  a  complicated  or 
forced  division  would  be  undesirable. 

Many  efforts  have  been  made  to  obtain  a  precise  but  compre- 
hensive classification,  with  the  result  that  there  are  virtually  as 
many  classes  as  there  are  lamps.  It  would  be  possible  to  divide 
the  lamps  into  two  classes,  viz.  those  used  in  series  or  on  a 
circuit  through  which  a  constant  airrent  is  sent,  and  those  used  in 
parallel  or  which  have  a  constant  potential  difference  maintained 
at  their  terminals,  but  the  difference  between  them  is  small,  and 
lamps  are  now  usually  so  made  that  they  can  be  placed  indif- 
ferently on  either  a  series  or  a  parallel  circuit.  Lamps  intended 
for  series  working  used  to  be  provided  with  an  automatic 
*  cut-out,'  an  adjunct  which,  when  the  main  circuit  through  the 
lamp  was  from  any  cause  interrupted,  introduced  an  alternative 
path  of  low  resistance,  so  that  the  other  lamps  on  the  circuit 
remained  unaffected.  Break-downs  of  this  character  are  now, 
however,  very  rare,  and  the  cut-out  is,  except  on  long  circuits,  usually 
dispensed  with.  Where  it  is  necessary  to  employ  a  cut-out  the 
apparatus  is  generally  made  separate  from  the  lamp,  and  is 
frequently  fixed  in  the  plinth  of  the  lamp-post. 

A  lamp  which  is  intended  for  simple  parallel  working  might  be 
easily  made.  In  fact,  if  we  suppose  the  lower  carbon  to  be  fixed, 
and  the  upper  one  carried  in  a  sliding  holder,  which  also  forms  or 
is  continuous  with  an  iron  rod  of  suitable  dimensions,  then  the 
only  other  essential  is  a  thick-wire  coil  which  shall,  on  the  passage 
of  the  current,  be  competent  to  raise  the  upper  carbon  just  far 
enough  to  strike  the  arc.  The  attractive  power  of  this  coil  should 
be  so  adjusted  that  when  the  arc  elongates  sufficiently  to  cause  an 
undue  increase  in  its  resistance,  and  therefore  a  proportional 
decrease  in  the  current  strength,  it  should  be  incompetent  to 
sustain  the  weight  of  the  core  and  carbon.  These  would  then  fall 
sufficiently  near  to  the  lower  carbon  to  restore  the  current  to  its 
normal  strength.  This  would,  however,  be  nowadays  a  rather 
crude  type  of  lamp,  and  a  somewhat  more  elaborate  design  is 
therefore  adopted. 

In  all  cases  it  is  essential  that  the  lamp  should  automatically 
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*  strike'  its  own  arc,  and  this  action  must  perforce  be  controlled 
by  the  current — that  is  to  say,  the  separation  of  the  carbons 
must  always  be  brought  about  electrically.  In  most  cases  the 
coil  for  this  purpose  is  placed  in  the  main  circuit,  and  is  usually 
referred  to  either  as  the  main  or  the  series  coil.  When  lamps 
are  joined  up  in  parallel,  a  resistance  coil,  which  is  more  fully 
referred  to  on  page  621,  is  placed  in  series  with  each  lamp  for 
steadying  purposes.  To  compensate  for  the  loss  of  power  in 
the  *  steadying'  resistance,  the  potential  difference  provided  is 
higher  than  that  which  is  provided  per  lamp  when  a  number 
are  joined  in  series.  In  this  latter  case  the  extra  resistance 
is  unnecessary,  because,  when  the  resistance  of  any  one  lamp 
varies,  the  current  strength  is  not  appreciably  affected,  the  other 
lamps  in  circuit  with  it  acting  as  a  steadying  resistance,  and 
tending  to  keep  the  current  strength  constant. 

If  the  source  of  light  is,  for  focussing  purposes,  required  to  re- 
main stationary— which  is,  for  lighthouse  or  lantern  work,  of 
paramount  importance — both  carbons  must  be  automatically 
movable  at  their  respective  rates  of  consumption  ;  but  when  this 
is  not'absolutely  necessary,  as,  for  example,  in  ordinar)-  street  or 
shop  lighting,  then  it  is  only  necessary  that  one  carbon  should  be 
fed  forward  towards  the  other,  which  can  then  be  supported  in  a  fixed 
socket,  and  gradually  burned  down.  The  latter  form  of  lamp  is, 
as  a  rule,  simpler  in  construction  and  correspondingly  cheaper 
than  the  former,  or  *  focussing,'  type,  but  in  this  case,  too,  classi- 
fication is  out  of  the  question,  as  the  one  form  can  be  easily 
converted  into  the  other. 

It  might  be  possible  to  divide  lamps  into  alternating  and 
continuous  current  lamps,  but  little  if  any  fundamental  difference 
in  the  principles  of  construction  is  involved.  The  essential  differ- 
ence is,  that  with  lamps  used  on  alternating-current  circuits  it  is 
necessary  that  the  cores  of  the  electro-magnets  should  be  short 
and  laminated  in  order  to  minimise  self-induction  and  eddy 
currents,  and  to  enable  them  to  respond  quickly  to  the  alternat- 
ing current. 

If  we  attempt  to  divide  lamps  in  which  the  *  feeding '  forward 
of  one  or  both  of  the  carbons  is  controlled  mechanically,  from 
those  in  which  the  controlling  agent  is  electricity  alone,  we  arQ 
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met  with  another  difficulty,  for  even  those  in  which  mechanism  is 
employed  for  feeding  require  the  intervention  of  the  current  to 
release  or  start  that  mechanism.  The  simplest  *  mechanical' 
lamp  would  be  one  in  which  the  upper  carbon  feeds  downwards 
by  gravitation,  that  is,  in  virtue  of  its  own  weight,  when  the  current 
passing  through  the  coil  used  for  striking  and  maintaining  the  arc 
is  incompetent  to  overcome  this  force  of  gravitation.  When, 
however,  such  lamps  are  run  in  series,  and  when,  therefore,  a 
constant  current  through  each  lamp  is  maintained  independently 
of  any  variation  in  the  resistance  of  the  arc,  it  is  necessary  to 
provide  a  second  coil,  which,  by  acting  in  opposition  to  the 
striking  or  series  coil,  feeds  the  carbons  forward  when  the  length 
of  the  arc  becomes  too  great.  This  second  solenoid  is  joined 
across  the  lamp  terminals,  forming  a  shunt  to  the  series  coil  and 
the  arc,  and  is  known  as  the  *  shunt '  coil.  In  some  cases  the 
carbons  only  are  shunted,  the  whole  of  the  current  passing  through 
the  series  coil  ;  but  the  object  is  always  the  same,  viz.  to  keep 
the  potential  difference  between  the  carbons  constant.  The 
striking  or  series  coil  is  of  low  resistance,  while  the  feeding  or 
shunt  coil  is  of  high  resistance.  As  these  coils  have  antagonistic 
effects,  the  lamp  may  be  called  *  differential.*  It  is  the  principle 
upon  which  the  majority  of  arc  lamps  are  constructed.  Some  of 
these  so-called  electrically  controlled  lamps,  however,  involve 
delicate  mechanical  contrivances.  To  be  purely  electrical,  the 
moving  carbons  would  require  to  be  perfectly  balanced,  and  only 
movable  under  the  preponderance  of  the  effect  of  one  coil  over 
that  of  the  other.  But  no  such  lamp  is  now  in  practical  use,  so 
that  for  this  and  other  specified  reasons  the  division  into  mechanical 
and  electrical  control  falls  to  the  ground. 

The  nearest  approach  to  an  electrically  controlled  lamp  is  the 
Pilsen,  the  only  deviation  from  the  principle  being  the  addition  of 
a  small  weight  to  the  upper  carbon  holder.  The  fundamental 
principle  upon  which  this  and  other  differential  arc  lamps  are 
constructed  is  clearly  indicated  in  fig.  282.  The  current  on 
arriving  at  a  is  divided  between  the  two  paths,  one  of  low  resist- 
ance and  the  other  of  comparatively  high  resistance.  The  former 
(the  main  or  striking  circuit)  includes  the  thick  wire  coil  m,  from 
which  the  current  passes  to  the  contact  guide  roller  r,  and  thence 
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through  the  frame  to  the  upper  or  positive  carlx)n  holder,  the 

circuit  to  n  being  completed  through  the  arc  and  lower  carbon 

holder.     The  other,  the  shunt  or  feeding  circuit,  consists  of  the 

coil  m\  which  comprises  many  turns  of  fine  wire,  its  ends  being 

^g^  connected  to  a  and  b  respectively.     These 

coils  are,  in  the  lamp  to  which  the  diagram 

more  particularly  refers,  wound  upon  a  brass 

tube,  inside  which  another  brass  tube  is  loosely 

fitted,  so  that  it  can  slide  up  and  down  freely. 

The  shape  of  the  soft  iron  core  is  like  that  of 

two  long  cones  placed  base  to  base  ;   this 

core  is  fixed  inside  the   inner  tube,  and  is 

almost  balanced  by  a  weight  w  attached  to  a 

cord  passing  over  the  pulley  wheel  r. 

When  the  current  is  switched  on,  nearly 
the  whole  of  it  passes  through  the  striking 
coil  M  and  the  carbons,  which  are  then 
touching  one  another.  The  coil  consequently 
exerts  a  strong  attraction  upon  the  core,  and 
raises  it  slightly,  thereby  separating  the  car- 
bons and  starting  the  arc. 

The  resistances  of  the  coils  m  and  m\  and 
the  lengths  of  the  wire  with  which  they  are 
wound,  are  so  adjusted  that,  the  arc  having 
been  struck  and  having  arrived  at  the  proper 
length,  their  action  upon  the  core  is  exactly 
balanced.     Any  increase  in  the  resistance  of 
the  main  or  series  circuit,  caused  by  an  in- 
crease of  the  length  of  the  arc,  disturbs  this 
balance,  increasing  the  current  through  the 
shunt  coil,  whence  the  core,  with  the  upper 
carbon  attached,  is  attracted  downwards  by 
'    the  shunt  coil,  and  in  descending  again  re- 
stores the  balance,  re-adjusting  the  arc  to  its 
normal  length.     It  will  thus  be  seen  that  in  the  event  of  a  discon- 
nection between  the  carbons  such  as  might  happen  before  lighting 
up,  the  coil  M*  takes  the  whole  of  the  current,  and  continues  to 
draw  the  core  down  until  the  two  carbons  enter  into  contact. 
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Immediately  this  happens  a  heavy  current  passes  through  m  at 
the  expense  of  m',  and  the  core  and  upper  rod  are  raised  just 
sufficiently  to  establish  the  arc.  The  arrangement  is  very  sensitive, 
and  in  actual  practice  the  two  coils  so  react  one  upon  the  other, 
that  there  is  no  apparent  fluctuation  in  the  light,  and  the  two 
carbons  are  kept  uniformly  apart  from  the  first  striking  of  the  arc 
until  the  current  is  switched  off*  or  the  carbons  are  consumed. 

The  core  in  the  Pilsenlampisnot  made  of  a  simple  cylindrical 
rod  of  iron,  because  of  the  tendency  it  might  then  manifest  to 
balance  itself,  or  to  take  up  a  position  in  the  middle  of  the  electro- 
magnetic field  produced  by  the  two  coils  ;  and  although  a  varia- 
tion in  the  magnetisation  of  either  solenoid  would  move  the  core 
away  from  that  position,  there  would  still  be  a  tendency  to  return 
to  it,  and  in  so  doing  to  cause  fluctuations  in  the  arc.  By  using 
the  conical  core  this  difficulty  is  overcome,  because  as  the  magnet- 
isation by  the  preponderating  solenoid  increases,  and  attracts  the 
iron,  it  acts  upon  a  gradually  increasing  core,  so  situated  that  it 
can  never  get  into  its  *  best  position,'  but  remains  steady  at  any 
point  in  a  comparatively  long  range.  Fairly  satisfactory  lamps 
have,  however,  been  made  on  similar  lines,  but  with  ordinary 
cylindrical  cores, 

A  detailed  diagram  of  the  lamp  is  given  in  fig.  283.  The 
lamp  case  and  the  tube  j  are  electrically  connected  to  the  positive 
terminal  -f .  From  j  the  current  is  transmitted  by  contact  rollers 
R  to  the  inner  brass  tube  c  (containing  the  double  conical  iron 
core),  and  thus  through  the  holder  to  the  positive  carbon.  Thence 
it  passes  through  the  arc  to  the  negative  carbon  holder  h,  and 
thence  again  through  the  contact  rollers  r'  r''  to  the  negative  guide 
rods  D,  I)',  both  of  which  are  insulated  from  the  bottom  plate  of 
the  lamp,  as  well  as  from  each  other  at  p..  The  current  being  thus 
divided,  one  part  (the  lesser)  passes  through  the  iron  wire  resistance 
coil  E,  and  the  greater  part  through  the  automatic  cut-out  coil  a, 
these  two  branches  re-uniting  at  k,  and  thence  passing  through  the 
main  coil  m  to  the  negative  terminal  marked  — ,  from  which  it  is 
carried  to  the  positive  terminal  of  the  next  lamp  in  series,  or  the 
negative  terminal  of  the  dynamo,  as  the  case  may  be.  The  nega- 
tive holder  is  supported  by  two  cords  which  pass  over  pulley  wheels 
and  are  connected  to  the  brass  tube  containing  the  core.     This 
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is  more  clearly  indicated  in  fig. 
284,  where  the  cords  are  shown 
connected  to  the  rods  attached  to 
H,  R  r'  being  the  pulley  wheels. 
One  of  these  wheels,  r',  has  very 
fine  teeth  cut  round  it,  into  which 
the  click,  which  is  to  be  seen 
above  the  wheel,  engages,  so  as 
to  allow  the  wheel  to  rotate  freely 
for  feeding,  but  at  the  same  time 
to  prevent  it  moving  in  the  re- 
verse direction.  The  cord,  there- 
fore, during  the  separation  of  the 
carbons  has  to  slide  along  the 
groove,  sufficient  friction  being  in 
that  way  introduced  to  prevent 
sudden  or  jerky  separations. 

The  positive  holder  is  usually 
about  i^  ounce  heavier  than  the 
negative,  so  that  when  no  curreni 
is  flowing  the  carbons  run  to- 
gether. 

The  action  of  the  series  cur- 
rent then  is  to  draw  the  iron  core, 
to  which  the  positive  carbon  is 
attached,  up  into  the  coil  m,  and 
thus  to  strike  the  arc.  The  shunt 
circuit  passes  from  the  screw  i. 
(fig.  283),  round  a  solenoid  of 
stout  copper  wire,  to  the  insulated 
bracket  o,  and  returning  from 
thence  through  the  shunt-coil 
proper,  M^  which  consists  of  many 
turns  of  fine  copper  wire  (wound 
in  the  same  direction  as  the  spiral 
of  l),  having  its  other  end  at- 
tached to  the  bracket  p  of  the  au- 
tomatic cut-out,  from  whence  it 
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passes  through  a  coil  of  stout  German-silver  wire  c.  to  the  terminal 
marked  — .  The  number  of  convolutions  of  the  coil  m*  and  their 
resistance  are  so  proportioned  that  (when  the  arc  has  been  drawn 
to  a  length  of  about  ^  inch)  the  attractive  action  counterbalances 
that  of  the  main  coil  m  and  the  small  extra  weight  of  the  positive 
holder.  Equilibrium  being  thus  established,  the  arc  is  maintained 
at  its  normal  length  and  resistance  so  long  as  the  current  is  kept 
constant.  If  from  any  accidental  cause  (such  as  the  fracture  of  a 
carbon,  mechanical  injury,  or  the  breakage  of  a  cord)  the  main 
current  cannot  flow  from  c  to  d  and  d',  then  the  magnet  a  of 
the  automatic  cut-out  fails  to  hold  down  its  armature,  which  by 
reason  of  the  weight  on  its  unattracted  end  falls  in  the  opposite 
direction,  and  establishes  a  contact  with  the  screw  n  on  the  in- 
sulated bracket  o,  thus  opening  a  path  for  the  main  current  via 
L,  o,  N,  Q,  and  G  to  the  lamp  terminal  marked  — ,  and  so  prevent- 
ing a  complete  disconnection  or  the  destruction  of  the  shunt- 
coil  M^ 

The  negative  guide  rod  d  is  fitted  with  a  strip  of  ivory  i,  so 
situated  that  when  the  carbons  are  nearly  burnt  out,  the  contact 
roller  r^  ceases  to  make  contact,  the  current  ceases  to  flow  round 
the  magnet  a,  q  falls,  and  the  lamp  is  cut  out  of  circuit.  The 
function  of  the  alternative  path  from  r"  through  d^  and  of  the  iron 
resistance  e  is  that,  when  the  lamp  is  burning,  the  resistance  e 
causes  the  greater  part  of  the  current  to  pass  via  d,  thus  securing 
the  efficient  action  of  the  magnet  a  and  preventing  the  lamp 
being  prematurely  cut  out.  When,  owing  to  exhausted  carbons, 
the  lamp  is  in  process  of  cutting  out  naturally,  the  contact  roller 
K*  in  passing  from  D  on  to  the  insulated  strip  i  would  carry  an 
arc  after  it  from  r*  to  i>,  were  it  not  for  the  temporary  path 
afforded  from  d*  through  e,  until  such  time  as  the  main  current 
has  been  diverted  through  the  path  l,  o,  n,  q,  g.  The  German- 
silver  coil,  G,  has  no  action  upon  the  working  of  the  lamp  ;  it  is  a 
compact  form  of  resistance,  equivalent  to  the  apparent  resistance 
of  the  lamp,  to  be  thrown  into  the  main  circuit,  when  the  lamp 
is  cut  out  automatically  ;  it  is  superfluous  with  a  self-regulating 
series  dynamo. 

A  view  o£4he  interior  of  the  lamp  is  given  in  fig.  284,  in  which 
the  lettering  corresponds  to  that  employed  in  the  diagram,  fig.  283. 
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It  will  be  observed  that  a  means  of  final  adjustment  is  provided 
by  the  movable  contact  s,  which  can  be  used  to  cut  out  one  or 
more  of  the  convolutions  of  the  main  coil  m.  The  friction  roller 
is  here  lettered  r,  and,  as  already  mentioned,  R  r'  represent  the 
pulley-wheels  over  which  the  cords  connecting  the  positive  and 
negative  holders  together  are  passed. 

A  sectional  view  of  another  form  of  lamp  is  given  in  fig.  285, 
in  which  the  two  coils  m  and  m'  are  wound  on  the  same  bobbin, 
but  in  opposite  directions.  The  long  conical  core  is  clearly  shown 
at  D.  The  negative  holder  is  suspended  in  the  same  way  as  in 
the  bi-conical  form, 
but  the  pulleys  and 
other  parts,  such  as 
the  cut-out,  are  not 
shown  in  this  figure. 

Another  very 
simple  and  efficient 
lamp,  originally  de- 
signed for  use  on  a 
constant  current  or 
scries  circuit,  is  that 
invented  by  Mr.  C.  F. 
Brush.  It  was  one 
of  the  first,  and  it 
certainly  remains  one 
of  the  best,  of  modern 

arc  lamps.  A  great  feature  in  its  favour  is  the  extreme  simplicity 
of  the  mechanical  contrivance.  The  principle  is  illustrated  in 
fig.  286,  The  terminals  x  y  usually  take  the  form  of  a  pair  of 
brass  hooks  which,  by  being  dropped  over  horizontal  pins  on  the 
under  side  of  a  suspending  board,  place  the  lamp  at  once  in  the 
main  circuit.  The  negative  carbon  k'  is  fixed,  and,  being  gradu- 
ally consumed,  the  arc  is  steadily  lowered  in  position,  the  upper  or 
positive  carbon,  k,  falling  at  a  corresponding  rate. 

The  current  enters  the  lamp  at  the  positive  terminal  x,  and 
divides  at  v  in  the  main  circuit,  passing  through  the  low  resistance 
coils  H  h',  in  parallel,  in  such  a  way  as  to  generate  powerful  but 
opposite  poles  at  the  lower  ends  of  the  solenoids.     On  leaving  the 
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coils  the  currents  re-unite,  and,  passing  by  a  wire  to  the  upper 
carbon  holder  n,  traverse  both  carbons,  the  lower  of  which  is 
connected  to  the  negative  terminal  y.  The  shunt  circuit,  the  re- 
sistance of  which  is  40  ohms,  is  made  by  a  thin  wire,  not  shown 
in  the  diagram,  passing  from  x  round  the  bobbins  h  h'  in  series, 
then  round  the  *  cut-out '  bobbin  T,  from  which  it  passes  direct  to 
the  terminal  y.  The  thin  coil  on  h  h'  is  wound  outside  the  main 
coil.  Connection  is  also  made  between  v  and  the  pivoted  lever 
B,  by  means  of  a  wire  and  resistance  spiral  r,  but  this  will  be 
again  referred  to  presently. 

Assuming  the  carbons  k  k  '  to  be  in  contact,  the  passage  of 
the  main  current  through  the  coils  h  h'  causes  the  soft  iron  cores 
N  s  and  their  horizontal  yoke-piece  to  be  drawn  upwards.  The 
yoke-piece  is  provided  with  a  fork  c,  which  tilts  a  washer-clutch 
w,  causing  it  to  seize  the  carbon  holder  and  raise  it  sufficiently  to 
strike  the  arc.  Under  normal  conditions  only  about  i  per  cent, 
of  the  total  current  passes  through  the  shunt  coils,  but  when  the 
arc  increases  in  length,  and  thereby  raises  the  resistance  of  the 
main  circuit,  a  proportionally  larger  current  passes  through  the  long 
thin  wire  coils  on  h  h'.  Being  wound  in  the  opposite  direction 
to  the  few  turns  of  the  main  coils,  the  shunt-coils  cause  a  diminu- 
tion of  the  magnetisation  of  the  cores  or  plungers  n  s,  which 
therefore  fall,  and,  causing  the  clutch  w  to  loosen  its  grip  of  the 
holder,  allow  the  positive  carbon  to  fall,  by  the  force  of  gravita- 
tion, until  the  length  of  the  arc  is  so  far  reduced  as  to  re-establish 
the  normal  division  of  the  current  through  the  main  and  shunt 
coils.  We  see,  then,  that  the  function  of  the  thick  wire  coil  is  to 
tilt  the  clutch  and  strike  the  arc,  while  that  of  the  shunt  coil  is  to 
level  the  clutch,  allowing  the  rod  to  slide  and  feed  the  carbon 
downwards.  As  a  rule,  these  reactions  take  place  so  graduaUy 
that  the  upper  carbon  is  maintained  at  a  uniform  distance  from 
the  lower,  and  is  simply  fed  at  a  rate  corresponding  with  the  con- 
sumption. 

The  cut-out  coil  t  performs  a  useful  function  on  a  constant 
current  circuit.  It  will  be  remembered  that  the  shunt  circuit  in- 
cludes a  coil  of  many  turns  of  thin  wire  on  the  bobbin,  t.  Now 
when  the  main  circuit  is  broken,  the  whole  current  of  undiminished 
strength  has  to  pass  through  the  shunt  circuit,  and  might  soon 
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destroy  it ;  but  the  coil  t  is  so  adjusted  that  when  this  increased 
current  passes  through  it,  its  core  becomes  sufficiently  magnetised 
to  raise  the  armature  a,  and  with  it  the  lever  b.  This  lever  carries 
the  small  contact  stud  m,  and  this  on  rising  makes  contact  with 
another  stud  m',  which  is  connected  to  a  short  thick  wire  coil 
wound  round  t,  the  other  end  of  which  is  connected  to  v.  It 
follows  that  under  such  circumstances  a  low  resistance  circuit  is 
established  from  v,  along  r,  and  b,  to  m,  and  so  on  to  v. 

Of  course  as  the  main  or  striking  circuit  is  disconnected,  the 
positive  carbon  holder  is  not  interfered  with  by  the  clutch,  and  can 
therefore,  if  only  a  portion  of  the  carbon  has  been  broken  off, 
descend  and  re-establish  the  arc,  when  the  current  flowing  through 
the  thick  coil  on  t 

will  be  diminished  ^*^-  ^^'^' 

and  the  cut-out  cir- 
cuit disconnected. 

Usually  the 
Brush  carbons  are 
a  foot  long  and  last 
for  eight  hours  or  j 
thereabouts.  When 
a  longer  period  of 
lighting  is  likely  to 
be  required,  lamps 

with  two  pairs  of  carbons  are  employed.  The  device  for 
*  changing-over  *  from  one  pair  to  the  other  is  purely  mechanical 
and  is  illustrated  in  fig.  287.  The  positive  carbon  holders  r^ 
and  R*  are  parallel  one  to  the  other,  and  each  is  furnished  with 
a  washer  clutch,  as  shown  at  w*  and  w^.  These  clutches  are 
operated  by  a  small  frame  k,  which  is  supported  by  the  lever 
(shown  in  section  at  l)  attached  to  the  plunger  or  soft  iron 
core  of  the  striking  and  feeding  solenoids.  By  the  simple 
device  of  making  one  of  the  forks  in  the  frame  k  a  trifle  higher 
than  the  other,  this  higher  fork  tilts  its  clutch  before  the  other 
begins  to  act,  and  consequently  lifts  its  corresponding  carbon 
holder  a  greater  distance  than  does  the  other.  At  the  moment 
when  the  first  carbon  holder  r^  is  raised,  the  path  through  it  is 
short-circuited  by  the  circuit  through  r^  and  consequently  there 
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is  no  effort  to  establish  an  arc  from  the  carbon  attached  to  r^ 
The  next  moment,  however,  v}  \%  also  raised,  and  the  arc  then 
establishes  itself  from  the  carbon  carried  by  this  holder,  and  in  all 
subsequent  feeding  and  controlling  movements  the  pair  of  carbons 
across  which  the  arc  was  first  started  are  alone  affected,  because, 
although  both  positive  carbons  are  raised  and  lowered  together, 
the  ends  of  the  reserve  carbons  never  come  into  contact,  and  the 

Fig.  288. 


potential  difference  is  insufficient  to  start  an  arc  across  the  air 
space  which  separates  them.  When  the  one  pair  of  carbons 
have  been  so  far  consumed  that  they  cannot  meet  when  the  frame 
falls,  the  circuit  is  completed  through  the  reserve  carbons,  and 
their  arc  established,  after  which  it  is  maintained  by  the  same 
apparatus  acting  in  the  same  way  as  with  the  first  pair. 

Figs.  288  and  289  are  two  views  of  a  *  double-carbon  *  Bnfsh 
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lamp  at  right  angles  one  to  the  other.  The  positive  carbon 
holders  e  e\  which  are  hollow,  are  filled  with  glycerine,  and  work 
in  larger  tubes  extending  above  the  lamp,  portions  of  these  tubes 
being  shown  in  the  figures.  A  long  plunger  is  fixed  to  the 
upper  end  of  each  tube,  so  that  as  the  holder  rises  the  plunger 
has  to  pass  through  the  glycerine.  This  arrangement,  which  has 
for  its  object  the  prevention  of  any  sudden  or  violent  movement 

Fig.  289. 


of  the  carbons,  is  technically  known  as  a  dashpot.  d  is  the 
short-circuiting  or  cut-out  coil,  and  (in  fig.  288)  the  pair  of 
striking  and  feeding  coils  is  clearly  shown.  Another  dashpot, 
A,  fig.  289,  is  fitted  to  check  the  motion  of  the  clutch,  which  is 
also  provided  with  a  regulating  spring  c.  Electrical  contact  is  made 
between  the  striking  coils  and  the  carbon  holders  (correspond- 
ing to  the  contact  at  n.  fig.  286)  by  means  of  fine  wire  brushes. 

R  R  2 
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Figs.  290,  291,  and  292  illustrate  a  more  recent  form  of  Brush 
clutch.  The  carbon-holder  a  is  provided  with  a  long  saddle- 
shaped  slide  D,  carrying  on  the  rivet  d  a  friction-block  c.  This 
block  is  raised  or  lowered  and  simultaneously  moved  forward  or 
backward  by  the  lever  b,  which  is  loosely  pivoted  at  b^  and  which 
in  its  turn  is  moved  by  the  arm  f  attached  to  the  armature  of  the 
striking  coils.     In  fig.  290,  the  arm  f  is  raised,  and  b  has  moved 


Fig.  39a 


Fig.  agz. 


Fig   292 

c  forward,  pressing  it  against  a,  and,  d  being  also  raised,  a  is  lifted 
and  the  arc  struck.  As  the  carbon  burns  away  the  clutch  falls 
with  it  until  the  clutch  trip  e  strikes  g,  the  bottom  plate  of  the 
lamp  (see  fig.  291).  f  continues  to  fall,  and  consequently  c  is 
tilted  away  from  a,  which  then  falls  through  until  the  normal 
current  strength  has  been  re-established  ;  f  is  then  promptly  raised 
again.     These  actions  depend  on  the  slotted  hole  h  (fig.  292) 
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being  kept  free  from  dirt.     The  clearance  for  the  lower  pivot  d 

is  about  iV  of  an  inch,  and  is  useful  in  allowing  c  to  be  readily 

removed  from  a  when  e  strikes  the  plate  G. 

The  advantages  claimed  for  this  clutch  are  ^^^'  '^^' 

the  promptness  of  its  action,  its  unusually 

large  gripping  surface,  that  its  action  cannot 

be  impaired   by  slight   irregularities  in  the 

surface  of  a,  and  that  dashpots  are  dispensed 

with. 

The  Brockie-Pell  arc  lamp  is  illustrated 
in  fig.  293  ;  the  main  and  shunt  coils  arc 
wound  on  separate  bobbins  fixed  parallel  to 
one  another.  The  two  cores  pass  through 
the  ends  of,  and  operate,  a  *  see  saw '  lever 
which  is  pivoted  at  its  centre.  The  two 
carbon  holders  are  connected  by  a  cord 
passing  over  a  pulley  wheel  pivoted  on  the 
base  of  the  lamp- case.  The  upper  or  posi- 
tive holder  is  provided  with  a  rack-rod  which 
gears  into  a  pinion  ;  the  spindle  of  this  pinion 
works  in  the  frame  of  the  lamp,  and  carries 
a  comparatively  large  wheel  having  a  strong 
broad  rim,  against  which  a  brake  in  the  form 
of  a  small  leather  roller  is  applied.  The 
lever  carrying  this  brake  turns  on  a  weighted 
sector-shaped  lever,  which  is  loosely  pivoted 
but  moves  solidly  with  the  brake  wheel,  its 
descent  being,  however,  limited  by  a  stop ; 
the  outer  end  of  the  brake-lever  is  connected 
with  the  link  supported  by  the  see-saw  lever. 
On  the  passage  of  the  current  the  striking 
coil  raises  its  end  of  the  lever,  applies  the 
brake  to  the  wheel,  and  raises  the  positive 
carbon,  the  negative  carbon  being  caused  to 
recede  at  the  same  time.  The  arc  is  there- 
fore established.  As  the  arc  lengthens  and 
the  main  current  diminishes,  the  shunt  cur- 
rent increases  and  the  other  end  of  the  see- 
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saw  lever  is  elevated  ;  consequently  the  brake  lever  is  depressed,  the 
brake  wheel  released,  and  the  carbons  allowed  to  feed  together. 
These  reactions  take  place  readily,  the  feed  being  practically  con- 
tinuous, and  a  steady  light  can  be  maintained  even  with  a  variation 
in  the  main  current  of  20  per  cent,  above  or  below  the  normal 
working  current.  The  initial  adjustment  for  balancing  the  carbon 
holders  to  operate  with  any  particular  strength  is  effected  by 
means  of  weights.     As  compared  with  the  majority  of  lamps,  the 

Fig.  294. 


mechanism  is  simple  and  the  workmanship  good,  two  facts  which 
account  for  its  successful  working. 

The  Siemens  *  Band '  arc  lamp  is  also  extensively  employed,  and 
shares  the  bulk  of  the  existing  work  with  the  Brockie-Pell  and 
Brush  lamps,  lis  niechanisni  is  remarkably  compact,  and  it  is 
therefore  shorter  than  n.ost  lamps.  Figs.  294  and  295  give  details 
in  plan  and  elevation  of  the  regulating  mechanism,  the  letteiingin 
the  two  figures  being  identical. 


Digitized 


by  Google 


Sicfnens  Lamp 


6is 


The  frame  c,  which  carries  the  upper  positive  carbon  of  the 
lamp,  is  suspended  by  a  conducting  metal  '  band  '  wound  round 
the  circumference  of  the  barrel  d  mounted  on  a  horizontal  axis  y, 
and  containing  a  volute  or  coiled  spring  t,  so  arranged  that  the 
weight  of  the  positive  carbon  and  its  frame  tends  to  rotate  the 
barrel  in  opposition  to  the  spring.  The  barrel  carries  a  toothed 
wheel  which  is  connected  by  a  train  of  wheels  to  an  escapement 
and  pendulum  w,  whereby  the  rotation  of  the  barrel,  and  conse- 
quently the  descent  of  the  positive  carbon  due  to  gravity,  is  allowed 

Fig.  295. 


to  take  place  at  a  slow  regulated  speed.  The  barrel  d  with  its 
wheelwork  and  escapement  is  mounted  in  a  frame  r,  pivoted  at  its 
lower  end  at  a  point  x  near  the  axis  of  the  barrel  v,  to  stan- 
dards s  projecting  up  from  the  lamp-base  a.  The  upper  end  of 
the  frame  carries  an  armature  h  facing  the  pole-pieces  k  of  an 
electro-magnet  e,  which  is  connected  as  a  shunt  across  the 
terminals  of  the  lamp.  WTien  the  electro-magnet  attracts  the 
armature  it  draws  the  frame  r  downwards  about  its  pivots,  and 
thus  lowers  the  barrel  carried  by  it,  and  also  the  positive  carbon 
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with  its  frame  c.  '  The  frame  r  is  held  back  at  its  upper  end  by 
a  spring  f^   (adjustable  by  a   set-screw   q  acting  on  the  lever 
n),  the  tension  of  which  is  regulated  to  withstand  the  pull  of  the 
electro-magnet  with  more  or  less  force,  and  which,  when  no  current 
is  passing  through  the  electro-magnet,  holds  the  frame  r  in  such 
a   raised   position   that   the   movement   of  the   escapement    is 
arrested  by  the  stop  g.     When  the  frame  r  is  in  this  position, 
and  the  positive  carbon  is  thus  raised  to  such  a  distance  from 
the  lower  or  negative  carbon  that   no  arc  is    formed,  the   rela- 
tively strong  current  passing   through  the  coils  of  the    electro- 
magnet E  attracts    the  armature    h,  thus  lowering  the    positive 
carbon  until  the  escapement  is  freed    from  the   stop   o,  where- 
upon   the    positive   carbon    and   its   frame  c   will    be    free   to 
descend  by  gravity  until  it  comes  in  contact  with  the  negative 
carbon.     Owing  to  the  passage  of  the  current  through  the  car- 
bons, the  current  through  the  electro-magnet  e  will  be  weakened 
to  such  an  extent  as  to  allow  the  spring  f*    to  raise  the  frame 
R  again,  so  as  to  arrest    the  escapement  and  raise  the  positive 
carbon  sufficiently  to  strike  the  arc.     A  position  of  equilibrium 
is  thus  established  by  the  increase  of  the  resistance  of  the  arc, 
and  sufficient  current  passes  through    the   shunt    to    cause    the 
electro-magnet  e  to  balance  the  pull  of  the  spring  f^     It  will  here 
be  observed  that  normally  the  carbons  are  apart  when  the  current 
is  switched  on,  and  that  prior  to  the  starting  or  striking  of  the 
arc  the  shunt  coil  is  required  to  cause  the  positive  carbon  to 
descend   upon   the   negative.     It   will   also  be  seen  that  under 
these  circumstances  a  series  or  striking  coil  is  unnecessary. 

As  the  positive  carbon  burns  away,  and  the  resistance  of  the 
arc  increases  beyond  this  point,  the  attraction  of  the  electro- 
magnet E  overcomes  the  force  of  the  spring  f'  and  the  frame 
R  is  attracted,  whereby  the  escapement  w  is  released  from  the 
fixed  stop  G,  and  the  frame  c  is  lowered,  partly  by  the  descent 
of  the  axis  of  the  barrel  d  and  partly  by  the  rotation  of  the  barrel 
on  its  axis  Y.  When  the  resistance  of  the  arc  is  thus  lessened 
the  electro-magnet  becomes  correspondingly  weakened,  and  the 
frame  R  is  raised  again,  by  the  spring  F*  lifting  the  positive 
carbon  frame  c  and  engaging  the  escapement  with  the  stop  g.  In 
this  manner  the  normal  resistance  of  the  arc  is  re-established,  and 
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the  regulation  of  the  positive  carbon  is  governed  according  to 
the  variation  in  the  resistance  of  the  arc  itself.  When  introduc- 
ing fresh  carbons,  the  upper  carbon  frame  c  is  raised  by  hand, 
whereupon  the  volute  spring  in  the  barrel  is  enabled  by  un- 
coiling to  turn  the  barrel  so  as  to  wind  up  the  suspension  band 
again,  the  train  of  wheels  being  so  arranged  that  ihis  can  be 
done  more  or  less  rapidly  without  actuating  the  escapement. 
To  compensate  for  the  variation  in  weight  of  the  positive  carbon  in 
burning  away,  a  helical  spring  f*  strains  a  cord  which  is  led 
over  a  pulley  b  on  the  frame  r,  and  becomes  wound  on  the 
axis  V  of  the  barrel  as  the  barrel  revolves,  lowering  the  positive 
carbon  so  as  to  exert  more  and  more  downward  pull  on  the 
frame  r  the  more  the  carbon  is  consumed.  Thus  the  spring  being 
stretched  to  the  least  extent  when  the  carbon  has  been  freshly  in- 
troduced, its  tension,  and  consequently  its  downward  pull  upon  the 
frame  r,  will  increase  as  the  weight  of  the  carbon  decreases. 

The  negative  carbon  is  placed  in  a  holder  at  the  bottom  of  the 
lamp  frame,  and  is  therefore  fixed  in  position,  so  that,  like  the 
Brush,  it  is  a  non-focussing  lamp. 

The  Siemens  Band  lamp  is  thus  remarkable  in  that  the  adjust- 
ment of  the  length  of  the  arc  is  controlled  entirely  by  the  shunt- 
coil,  which  acts  in  proportion  to  the  current  passing  through  it. 
It  nevertheless  burns  with  great  steadiness,  the  upper  carbon 
feeding  downwards  with  that  steady  and  imperceptible  motion 
characteristic  of  a  good  lamp. 

The  Crompton-Pochin  arc  lamp  is  of  the  differential  type, 
the  coils  acting  by  means  of  a  lever  on  a  brake  wheel  and  pinion 
gearing  into  a  rack-rod  which  carries  the  positive  carbon. 

Figs.  296  and  297  are  vertical  sections  of  the  lamp  at  right 
angles  one  with  the  other.  The  main  or  series  coil  m  and  the 
shunt-coil  s  are  provided  with  soft  iron  cores  Cj  C2,  the  lower  ends 
of  which  articulate  with  the  pivoted  lever  l.  This  lever,  by  means 
of  the  brake  b,  releases  or  holds  the  escape  wheels  b  w,  and  with 
them  the  rack-rod.  On  completing  the  circuit,  the  current  enters 
at  the  positive  terminal  p,  passes  through  the  series  coil  m  to  the 
frame  of  the  lamp,  and  thence  through  the  two  carbons  and  up  the 
insulated  guide-rods  to  the  negative  terminal  n.  The  current,  in 
passing  through  m,  lifts  the  core  Cj,  and  with  it  the  lever  l.     The 
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Fig.  296. 


Fig.  297. 


escape  wheels  and  rack-rod  are  thereby  raised  and  the  arc  is  struck. 
As  the  carbons  burn  away  and  the  arc  lengthens,  the  action  of  the 
coil  s,  which  is  coupled  in  shunt  across  the  arc,  increases,  until, 

finally,  the  lever  l  is 
depressed  sufficiently 
to  allow  the  weight 
of  the  rack-rod  to 
be  supported  by  the 
feed  pin  (f,  fig.  298), 
instead  of  by  the 
brake  and  wheelN 
which  are  thus  free  to 
revolve  and  to  feed 
the  carbons  together. 
An  air  dashpot,  d,  is 
provided  to  prevent 
any  sudden  kick,  and 
is  so  arranged  that, 
although  the  carbons 
cannot  be  pulled  apiirt 
quickly,  their  motion 
is  not  retarded  in  the 
opposite  direction. 
The  dashpot  being 
inverted,  cannot  be 
affected  by  dust,  &c., 
and  can  be  easily  re- 
moved for  cleaning. 
The  prompt  action  of 
the  coils  causes  the 
carbons  to  approach 
one  another  by  imper- 
ceptible movements. 
The  skeleton  diagram, 
fig.  298,  is  added  to 
illustrate  more  clearly  the  action  of  the  lamp  and  the  circuit  through 
it.  It  will  be  noticed  that  the  coil,  s,  is  simply  a  shunt  across  the 
arc,  the  whole  of  the  current  passing  through  the  series  coil  m. 


Fig.    1.8. 
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The  case  of  the  lamp  is 
insulated  from  the  mechanism 
by  a  ring  of  non-conducting 
material ;  and,  in  order  to 
give  additional  security  in 
handling,  the  act  of  opening 
the  lamp  disconnects  it  from 
the  circuit  by  means  of  the 
plug  sockets.  The  lamps  are 
made  for  either  parallel  or 
series  circuits,  but  when  they 
are  to  be  run  in  series  an  in- 
dependent cut-out  is  provided. 

The  Phoenix  arc  lamp  is 
also  differentially  wound.  Its 
construction  is  illustrated  in 
fig.  299,  where  a  represents  an 
electromagnet  wound  with  two 
coils,  the  pole-piece,  p,  of 
which  acts  upon  an  armature, 
K,  fastened  upon  a  frame,  h  d, 
pivoted  at  f.  This  frame 
also  carries  a  brake  wheel  «, 
on  the  axle  of  which  is  fastened 
a  small  pinion  g,  and  brake 
lever  n  made  to  grip  b  by  a 
helical  spring  wound  round 
the  axis,  by  which  it  is  attached 
to  the  frame  h  d.  The  pinion 
c  gears  into  the  larger  toothed 
wheel  E,  on  the  axis  of  which 
is  another  pinion,  c,  engaging 
with  the  rack  r  of  the  positive 
carbon  rod.  This  rod  carries 
a  weight  w,  which  enables  it 
in  descending  to  lift  the  nega- 
tive rod  v  X.  When  no  current 
is  flowing  the  brake  lever  n 
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rests  on  the  screws,  which  releases  the  brake  wheel  and  allow^s 
the  carbons  to  come  into  contact.  The  current  enters  at  the 
positive  terminal  on  the  right  hand  of  the  figure,  passes  through 
the  framework  of  the  lamp  to  the  rod  y,  and  thence  to  the 
positive  carbon.  It  returns  from  the  negative  carbon  by  the  in- 
sulated rod  X  and  flexible  wire  attached  to  it,  passing  through 
the  thick  wire  coil  on  a,  and  from  this  to  the  negative  terminal. 
The  magnet  attracts  k,  raising  the  frame  hd,  thus  causing  the 
lever  N  to  grip  the  brake  wheel  and,  by  turning  e  and  c,  to  raise  v 
and  lower  x  for  the  purpose  of  separating  the  carbons  and  striking 
the  arc.  As  the  carbons  burn  away  the  difference  of  potential 
at  the  terminals  rises  and  the  current  in  the  fine  wire  coil  round  a, 
which  is  connected  as  a  shunt  to  the  lamp  terminals,  increases. 
This  weakens  the  electro- magnet  a,  and  allows  the  frame  h  d  to 
fall  and  the  carbons  to  approach.  When  the  lever  n  comes  in 
contact  with  the  screw  s,  the  brake  is  released,  allowing  the  carbons 
to  approach  as  the  consumption  continues.  If  the  carbons  bum 
out,  or  if  from  any  other  cause  the  circuit  through  them  is  broken, 
the  frame  h  d  drops  on  the  contact  pillar  m  ;  this  completes  the 
circuit  from  the  lamp  frame  through  the  German-silver  resis- 
tance R  to  the  negative  terminal,  thus  forming  the  cut-out  and 
preventing  a  break  in  the  continuity  of  the  circuit. 

The  resistance  of  the  coils  and  the  carbons  in  an  arc  lamp 
causes,  naturally,  a  certain  loss  of  potential  consequent  on  the 
passage  of  the  current  through  them.  This  loss  is  usually  about 
5  volts.  Hence,  although  a  good  lo-ampere  arc  can  be  main- 
tained with  a  pressure  across  the  arc  itself  of  44  or  45  volts,  as 
much  as  50  volts  require  to  be  applied  to  the  lamp  terminals.  The 
current  being  to  amperes,  it  follows  that  the  power  absorbed  in 
the  lamp  is  500  watts,  and  the  candle-power  being  about  850,  it 
follows  also  that  we  have  17  candle  per  watt.  This  ratio  we  may 
call  the  efficiency  of  the  lamp.  Larger  lamps,  or  lamps  with  larger 
carbons  taking  heavier  currents,  have  a  higher  efficiency  even  than 
this.  The  13-mm.  carbon  offers  a  resistance  of  0*175  o^™  P^^ 
foot,  whence  with  a  lo-ampere  current  the  fall  of  potential  in  that 
length  of  carbon  is  175  volt.  If  now  we  suppose  the  foot  of  carbon 
to  have  been  consumed  and  the  pressure  of  50  volts  still  main- 
tained, then  the  energy  previously  expended  upon  the  carbon  is 
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available  for  the  other  portions  of  the  lamp  circuit.  The  resistance 
is,  in  fact,  materially  reduced,  and  the  result  is  that  there  is  a 
proportional  increase  in  the  strength  of  the  current  or  in  the  length 
of  the  arc. 

Again,  it  should  be  remembered  that  there  is  frequently  a  slight 
variation  in  the  condition  and  resistance  of  the  arc  itself,  but  it  is 
very  desirable  that  the  current  in  practical  working  should  be  kept 
as  uniform  as  possible.  Variations  of  resistance  we  must  have,  so, 
in  order  to  make  those  variations  of  minimum  effect,  it  is  the 
practice  when  lamps  are  run  off  a  pair  of  mains  at  a  constant 
potential  difference,  to  work  with  a  higher  pressure  than  50  volts, 
and  to  insert  resistance  coils  capable  of  absorbing  the  exxessive 
volts.  For  example,  it  is  frequently  the  practice  to  place  the  lamp 
across  a  pair  of  conductors  having  a  potential  difference  of  65  volts, 
or  15  volts  more  than  is  necessary  for  the  lamp.  This  means  that 
a  coil  of  wire,  say  of  iron,  has  to  be  used  ;  it  must  be  large  enough 
to  carry  a  current  of  10  amperes,  and  must  therefore  offer  a  resist- 
ance of  r=  ^=  i5  =  i-c  ohm.  The  function  of  the  added 
c        10 

resistance  is  to  keep  the  total  resistance  of  the  particular  lamp 
circuit  more  nearly  uniform,  and  therefore  by  maintaining  a 
practically  uniform  potential  difference  between  the  carbons,  to 
steady  the  light.  This  method  is  somewhat  costly,  for  instead  of 
taking  exc  =  5oxio  =  500  watts,  the  absorption  of  power  is 
increased  to  (50  +15)  x  10  =  650  watts,  or  an  increase  of  30  per 
cent.,  while  the  efficiency  is  reduced  to  i  '3  candle-power  per  watt. 
It  is  far  preferable,  where  it  can  be  done,  to  employ  a  pair  of  mains 
with  a  potential  difference  of,  say,  1 10  volts,  and  join  two  arc  lamps 
in  series  between  them.  The  lamps  taking  100  volts,  there  remain 
OHly  10  volts  to  be  absorbed  by  the  steadying  resistances.  But 
the  length  of  this  coil  of  wire  is  considerably  reduced,  for  having 
now  to  absorb  only  i  o  volts,  this  can  be  done  with  a  resistance  of 

r  =  -^  =  ^—  =  I  ohm.     This  will  absorb  ^  x  c  =  10  x  10  =  100 
c       10 

watts,  and  the  lamps  together  with  the   resistance  will   absorb 

no  X  10  =  1,100  watts,  or  an  increase  of  10  per  cent,  upon  the 

power  actually  absorbed  in  the  two  lamps.     The  gain  is  obvious. 

With  really  first-class  lamps  it  is,  however,  possible  to  join  two 
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lamps  in  series  on  a  loo-volt  circuit  without  any  steadying  resistance 
at  all.  In  that  case  the  resistance  of  one  lamp  is  relied  upon  to 
reduce  the  otherwise  baneful  effects  of  a  variation  in  the  resistance 
of  the  other  lamp.  Where  a  larger  number  of  lamps  are  joined 
in  series,  there  is  manifestly  no  necessity  for  any  added  resistance. 

When  alternating  current  lamps  are  run  in  parallel,  a  *  choking 
coil '  takes  the  place  of  the  comparatively  high  resistance 
coil  employed  with  the  direct  current.  The  choking  coil  was 
referred  to  in  Chapter  XIII.,  and  it  will  be  remembered  that  it 
consists  of  an  iron  core  with  a  comparatively  few  turns  of  thick 
copper  wire  round  it.  The  combination  offers  an  inappreciable 
resistance,  but  it  has  considerable  and  self  induction,  which  causes 
the  current  to  lag  behind  the  E.M.F.,  and  so  enables  a  fall  of  pres- 
sure to  be  obtained  with  a  comparatively  small  absorption  of  power. 
Consequently,  any  variation  in  the  pressure  between  the  carbon 
points  becomes  a  smaller  proportion  of  the  total  pressure,  and 
has  therefore  less  effect  than  would  be  the  case  in  the  absence  of 
the  choking  coil. 

Apart  from  the  cost  of  the  power  required  by  an  arc  lamp, 
there  are  also  to  be  considered  the  cost  of  the  carbon  rods  and 
of  the  necessary  labour  involved  in  *  trimming.*  A  good  steady 
arc  maintained  between  13-millimetre  carbons  with  a  current 
strength  of  10  amperes  will  consume  about  1-5  inch  per  hour. 
For  example,  we  may  mention  that  in  one  set  of  tests  with  six 
lo-ampere  lamps,  using  13-millimetre  carbons,  the  'positive  being 
cored  and  the  negative  solid,  we  obtained  the  following  as  the 
result  of  1 1  hours'  running  : 


Carbon  consumed 
in  II  hours 

Consumption  per  hour 

Lamp 

Positive 
inches 

1      Negative 

,       Positive       ' 
inch 

Negative 

Total 

inches 

inch 

inch 

\       A 

II-I2S 

5-500 

I -on 

0-500       I 

I-51I 

B 

'        IO-8I2 

5-500 

;    0-983 

0-500 

1-483 

C 

1      10*250 

5-500 

0-932 

0500 

'■^5? 

1       D 

10-125 

5-J2S 

0-930 

0-466 

1-386 

E 

1     10-615 

5-100 

0-965 

0-461        , 

1-426 

F 

;      10-250 

5-000 

0-932 

0454 

1-386 
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According  to  Mr.  Louis  B.  Marks,  the  life  of  a  carbon  varies  with 
a  current  of  given  strength  directly  with  its  diameter  and  inversely 
with  its  resistance.  Thus  the  life  of  a  i-in.  Brush  carbon  having 
an  actual  diameter  of  '986  in.  and  a  resistance  of  -06 1  ohm  is,  ac- 
cording to  his  test,  26* 1 5  hours.  According  to  the  law  above 
stated,  the  life  of  a  J-in.  Brush  carbon  having  an  actual  diameter 
of  •618  in.  and  a  resistance  of  '0735  o^"^  would  be  by  calculation 
13-62  hours.  When  put  to  test  this  carbon  burned  13*64  hours. 
It  is  hardly  within  our  province  to  enter  here  into  the  cost  of  the 
various  items  and  materials  used  in  electric  lighting,  but  it  will 
he  evident  that  there  is  in  every  lamp  a  certain  amount  of  waste. 
Enough  carbon  must  in  the  first  place  be  inserted  in  the  holder 
to  ensure  sufficient  contact ;  this  is  waste.  The  carbon  cannot 
be  burned  nearer  than  within  say  half-an-inch  of  the  holder ; 
this  also  represents  waste.  It  is,  moreover,  all  but  impossible  to 
gauge  the  actual  time  during  which  a  lamp  is  required  to  bum  on 
any  particular  occasion.  Hence,  if  in  trimming,  the  carbon  is 
found  to  be  within  an  inch  or  two  of  the  holder,  it  must  be 
removed  and  a  new  carbon  substituted  ;  this  is  more  waste. 
Altogether  on  an  installation  comprising  a  number  of  arc  lamps 
the  carbon  wasted  may  easily  amount  to  some  thousands  of  feet  in 
the  course  of  a  year.  One  way  of  reducing  this  loss  is  to  employ 
double  carbon  lamps,  or  lamps  which  carry  two  pairs  of  carbons. 
One  pair,  as  was  shown  in  describing  the  Brush  lamp,  is  (auto- 
matically) lighted  first  and,  after  having  burned  down  to  within 
a  small  but  certain  pre-determined  distance  from  the  holders,  the 
current  is  automatically  diverted  and  made  to  pass  through  the 
other  pair.  This  reduces  the  waste  to  a  minimum,  but  it  means 
that  extra  complications  must  be  introduced  into  the  lamp,  pos- 
sibly at  the  cost  of  reliability,  and  it  is  a  device  which  is  not 
resorted  to  unless  really  necessary. 
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CHAPTER  XVI. 

INCANDESCENT   LAMPS— PHOTOMETRY— DISTRIBUTION 

For  the  lighting  of  the  interiors  of  buildings,  except  in  the  case  of 
certain  large  halls  and  such  like  structures,  arc  lamps  are  unsuitable. 
For  ordinary  rooms  the  light  would  be  too  powerful,  and  for  rooms 
where  the  total  amount  of  light  required  is  sufficiently  large  to 
equal  that  of  an  arc  lamp,  there  would  generally  be  an  objection 
to  the  concentration  of  the  whole  of  the  light  at  a  single  point. 

Fortunately  there  is  a  second  class  of  lamp  which  is  capable 
of  meeting  every  such  requirement.  It  is  the  well-known  in- 
candescent lamp,  and  consists  of  a  very  thin  strip  or  filament  of  the 
purest  obtainable  carbon  wholly  enclosed  in  a  glass  bulb  from 
which  the  air  has  been  carefully  exhausted ;  the  connection 
between  the  carbon  and  the  external  conducting  wires  being 
secured  by  short  pieces  of  platinum  wire  fused  through  the  glass. 
The  passage  of  a  sufficiently  strong  current  through  the  filament 
causes  it  to  be  raised  to  a  white  heat,  when  it  is,  of  course,  intensely 
luminous.  It  may  perhaps  be  advisable  to  discuss  briefly  the 
principles  upon  which  such  a  lamp  must  be  constructed  before 
describing  more  fully  the  actual  processes. 

It  was  shown  when  discussing  the  Cardew  Voltmeter,  that  it 
a  current  of  electricity  is  urged  through  a  solid  conductor,  heat 
is  developed,  and  that  the  amount  of  heat  so  developed  is  pro- 
portional to  the  total  energy  expended  in  the  conductor.  It  was 
also  shown  that  this  energy  is  proportional  to  the  product  of  two 
factors,  viz.,  the  strength  of  the  current  c,  and  the  difference  of 
potential  E  between  the  extremities  of  the  conductor,  necessary  to 
maintain  that  strength — or  the  heat  h  developed  is  proportional 
to  E  c ;  but  by  Ohm's  Law  e=c  R,  therefore  e  c=c*r. 
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It  is  manifest  from  these  simple  formulae  that  the  heat  de- 
veloped varies  directly  as  the  resistance,  and  directly  as  the  square 
of  the  current  strength.  If  we  have  two  equal  and  uniform  con- 
ductors A  and  B,  and  maintain  a  potential  difference  at  the  ends 
of  one  of  them,  a,  twice  that  at  the  ends  of  the  other,  b,  the  heating 
effect  will  be  quadrupled ;  for  with  equal  resistances  the  current 
strength  will  also  be  doubled,  and  in  fact  energy  is  being  expended 
four  times  as  fast  in  a  as  compared  with  the  rate  of  expenditure 
in  B.  If,  however,  while  both  conductors  are  of  the  same  length 
and  sectional  area,  the  specific  resistance  of  b  is  twice  that  of  a,  and 
the  same  potential  difference  is  maintained  in  both  of  them,  the 
resistance  of  b  being  twice  that  of  a,  will  halve  the  strength  of  the 
current  flowing  through  b.     Hence  if  in  a,  h=ec,  or  c^R,  then 

in  b,  h=|ce  or    2Rf-j  =^c*r.      In  this  case  twice  as  much 

heat  is  developed  and  twice  as  much  energy  is  expended  in  a  as 
compared  with  b.  Again,  if  the  current  in  b  is  made  equal  to 
that  in  a,  by  doubling  the  potential  difference  in  the  former,  then 
in  a,  H=E  c  or  c'r,  and  in  b,  h=2EC  or  2C^R,  so  that  doubling 
the  resistance  and  keeping  the  current  strength  constant,  doubles 
the  heat  developed  and  causes  twice  the  amount  of  energy  to  be 
expended.  One  great  lesson  is  here  again  enforced,  viz.,  that  the 
amount  of  energy  obtained  in  the  form  of  heat  can  only  equal  and 
never  by  any  possible  means  exceed  the  amount  of  electrical 
energy  expended  or  absorbed  in  the  conversion. 

The  relation  between  heat  and  temperature  has  already  been 
discussed,  but  we  must  again  refer  to  it  here,  as  it  is  of  the  utmost 
iHiportance.     Let  us  suppose  that  instead  of  employing  a  con- 
ductor of  increased  specific  resistance,  we  experiment  with  two 
samples  of  the  same  material  and  of  the  same  sectional  area,  but 
that  one  of  them,  b,  is  twice  as  long  as  a  ;  then  the  resistance  of  b 
will  also  be  twice  that  of  a,  and  if  equal  currents  are  urged  through 
these  conductors,  the  heat  developed  in  a  will  be  only  half  that 
developed  in  b  ;  but  as  b  is  t\vice  the  length  of  a,  and  has  therefore 
twice  as  much  matter  in  it,  the  temperature  of  the  two  conductors 
will  be  equal.     Now  when  a  body  is  made  very  hot  it  becomes 
luminous,  and  the  luminosity  of  a  body  is  proportional  to  its  tem- 
perature.    In  this  experiment,  therefore,  the  temperature  of  a  and 
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B  being  equal,  the  luminosity  will  be  equal,  although  b  absorbs 
twice  as  much  energy  as  a,  because  its  resistance  is  double.  Now 
if  the  resistance  of  b  is  made  double  that  of  a  by  halving  its  sec- 
tional area  instead  of  by  doubling  its  length,  and  equal  currents 
be  urged  through  each  as  before,  we  still  get  twice  as  much  energy 
absorbed,  and  therefore  twice  as  much  heat  developed  in  b  as  in 
A.  And  since  the  mass,  or  the  quantity  of  matter,  in  b  is  now  only 
half  that  in  a,  equal  quantities  of  heat  would  cause  the  tempera- 
ture of  B  to  be  twice  that  of  a  ;  therefore,  as  twice  the  amount 
of  heat  is  developed  in  b,  its  temperature  is  raised  to  four  times 
that  of  A.  This  clearly  indicates  the  direction  in  which  we  should 
work  in  order  to  raise  a  conductor  to  a  very  high  temperature. 
Stated  generally,  a  large  amount  of  energy  must  be  expended  on 
a  small  mass  of  matter  ;  therefore  the  conductor  must  have  a  high 
resistance,  and  in  order  to  keep  its  mass  small  this  high  resistance 
must  be  obtained  by  diminishing  its  sectional  area  rather  than  by 
increasing  its  length,  and  further,  the  material  chosen  should  be 
one  which  has  a  high  specific  resistance. 

Men  were  not  long  in  conceiving  the  idea  of  employing  the 
heating  effect  of  a  current  upon  a  conductor  for  illuminating  pur- 
poses, and  patents  based  upon  this  principle  were  taken  out  nearly 
fifty  years  ago.  But  these  early  efforts  were  one  and  all  of  them 
failures  from  a  commercial  point  of  view,  although  some  of  them 
were  identical  with  many  of  those  of  a  comparatively  recent  date. 
It  was  seen  that  a  conductor  of  high  specific  resistance  was  neces- 
sary, and  this  limited  the  number  of  materials  available.  This 
number  was  further  reduced  by  the  fact  that  most  conductors 
either  melt  or  volatilise  at  comparatively  low  temperatures— before, 
in  fact,  the  temperature  of  white  heat  is  attained.  Iron,  which  is 
cheap  and  has  a  high  resistance,  and  which  might  therefore  be  con- 
sidered a  suitable  substance,  unfortunately  melts  at  a  compara- 
tively low  temperature.  It  is  for  this  reason  useless  as  an  illumi- 
nant.  It  also  oxidises  or  combines  with  -the  oxygen  of  the  air 
as  its  temperature  rises.  German  silver  is  for  similar  reasons  not 
available.  We  are,  indeed,  limited  among  the  metals  to  the 
expensive  platinum  or  its  alloys,  unless  we  take  into  account  the 
experiments  which  have  been  made  with  iridium,  an  even  more 
expensive  and  very  scarce  metal,  and  one  which,  if  equal  to  the 
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requirements,  could  probably  not  be  procured  in  sufficient  abun- 
dance to  meet  the  demand.  Platinum  is  capable  of  being  raised  to 
a  bright  white  heat,  ahd  can  then  emit  light  of  dazzling  brilliance. 
It  has  also  the  advantage  of  being  practically  inoxidisable.  The 
critical  temperature  is,  however,  suddenly  reached  ;  that  is  to  say, 
above  a  certain  point,  a  slight  increase  of  temperature  suffices  to 
produce  liquefaction,  and  therefore  to  cause  a  rupture  and  so  dis- 
connect the  circuit.  It  must  also  be  remembered  that  the  resist- 
ance of  metals  increases  materially  with  an  exaltation  of  tempera- 
ture, a  fact  which  hastens  the  fracture  of  the  wire.  Efforts  have 
been  made  to  prevent  this  overheating  by  means  of  automatic 
regulators,  which  short-circuit  the  lamp  when  the  current  reaches 
a  certain  predetermined  strength,  and  so  cut  off  the  current  just 
at  the  moment  that  there  is  a  risk  of  breaking  the  wire.  Some  of 
these  are  clever  laboratory  expedients,  but  nothing  more.  If,  then, 
we  had  been  restricted  to  metallic  conductors,  electric  lighting  by 
incandescence  would  long  since  have  been  given  up  as  impracti- 
cable. Carbon,  however,  which  is  a  non-metallic  body,  is  a  fairly 
good  conductor  of  electricity,  although  of  considerably  higher 
specific  resistance  than  platinum.  A  very  remarkable  feature  per- 
taining to  it  is  that  its  resistance  decreases  with  an  increase  of  tem- 
perature. It  is  a  substance  which  cannot  by  any  ordinary  means  be 
melted  or  volatilised  (although  a  temperature  has  been  attained  at 
which  it  becomes  flexible),  so  that  in  this  respect  it  is  superior  to 
platinum  or  any  other  of  the  metals.  It,  however,  oxidises  readily 
when  heated  in  an  atmosphere  containing  free  oxygen,  such  as 
ordinary  air.  This  difficulty  was  for  a  long  time  insurmountable, 
although  many  efforts  were  made  to  overcome  it,  such  as  placing 
the  carbon  under  a  glass  receiver,  and  depriving  the  enclosed  air 
of  its  oxygen  by  means  of  a  piece  of  phosphorus,  a  substance 
which  oxidises  readily  at  ordinary  temperatures.  In  this  case,  the 
carbon  is  suspended  in  an  atmosphere  of  the  remarkably  neutral 
or  inactive  gas  nitrogen.  But  even  such  an  arrangement  as  this 
was  soon  found  to  be  clumsy,  unsatisfactory,  and  in  fact  imprac- 
ticable. Even  supposing  it  to  have  been  otherwise,  the  carbon 
procurable  was  very  defective.  Thin  rods  of  graphite  or  gas-retort 
carbon  such  as  is  used  in  the  Bunsen  cell,  or  sections  of  the  artifi- 
cially prepared  material  such  as  is  used  in  the  Leclanche'  cell,  were 
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tried ;  they  could  not,  however,  be  obtained  of  sufficiently  small 
sectional  area,  and  were  too  irregular  in  structure  to  prove  practi- 
cably useful.  Efforts  were  also  made,  and  with  a  better  prospect  of 
success,  to  accomplish  the  object  in  view  by  placing  the  carbon  in 
the  then  best  obtainable  vacuum.  The  vacua  were  for  a  very  long 
time  far  from  perfect,  and  as  a  consequence  the  durability  of  the 
carbons  was  very  brief ;  but  when  it  was  shown  how  it  was  possible 
to  secure  an  all  but  perfect  vacuum,  a  fresh  impetus  was  given  to 
the  idea  of  lighting  by  the  incandescence  of  thin  pencils  or,  as  they 
were  subsequently  called,  filaments  of  carbon.  Since  then,  the 
real  improvements  that  have  been  made  have  been  in  the  formation 
and  fixing  of  these  filaments,  which  can  now  be  prepared  from 
almost  any  substance  having  a  large  proportion  of  carbon  in  its 
composition.  As  organic  substances  consist  to  a  great  extent  of 
carbon,  and  as  these  substances  can  generally  be  decomposed  some- 
what readily,  it  is  only  natural  that  they  should  form  the  basis  from 
which  the  filaments  are  manufactured.  Filaments  as  they  are  now 
made,  can  be  divided  into  two  classes,  (i)  those  in  which  the  fibrous 
structure  of  the  carbonaceous  body  is  retained,  and  (2)  those  in 
which  the  original  or  organic  structure  is  altogether  destroyed 
during  the  process  of  manufacture,  and  the  material  rendered 
thoroughly  homogeneous.  To  the  first  class  belongs  the  Edison 
lamp,  and  to  the  second  class  the  lamps  of  Swan  and  the  majority 
of  other  inventors.  It  is  a  remarkable  fact  that  Edison  asserted  in 
his  patent  that  to  give  the  carbon  the  highest  possible  resistance  and 
the  smallest  tendency  to  disintegration  it  should  retain  its  structu- 
ral character,  and  that  such  carbons  alone  possess  these  qualities, 
equalities  which  are  impaired  by  any  treatment  tending  to  fill  up 
the  cells  or  pores  with  unstructural  carbon,  or  to  increase  the  den- 
sity or  alter  the  resistance  of  the  fibre.  Swan,  on  the  other  hand, 
maintained  that  the  structure  of  the  material  should  be  entirely 
destroyed,  and  the  carbon  filament  made  as  dense  as  possible. 
Although  good  and  efficient  lamps  can  be  manufactured  on  either 
of  these  principles,  experience  seems  to  show  that  the  latter  or 
homogeneous  filament  is  the  better  of  the  two. 

It  might  have  been  gathered  from  what  has  already  been  said 
that  the  chief  desiderata  in  a  good  lamp  are  :  (i)  that  the  filament 
shall  be  sealed  in  ari  air-tight  vacuous  glass  vessel ;  (2)  that  effident 
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means  shall  be  provided  for  connecting  the  filament  with  the  ex- 
ternal circuit ;  (3)  that  the  filament  shall  offer  considerable  resist- 
ance ;  (4)  that  it  shall  have  a  small  mass,  so  that  its  temperature 
shall  be  raised  as  much  as  possible  by  a  given  quantity  of  heat ; 

(5)  that  it  shall  be  durable  at  high  temperatures  in  a  vacuum  ;  and 

(6)  that  the  lamp  shall  be  capable  of  being  manufactured  at  a  small 
cost,  and  of  any  desired  dimensions  or  resistance.  It  is  the  last 
of  these  requirements  which  gives  the  greatest  trouble  in  meeting, 
because  a  slight  variation  either  in  the  thickness  or  sectional  area, 
or  in  the  amount  of  radiating  surface  of  the  filament,  causes  a 
considerable  difference  in  the  luminosity. 

The  filament  in  the  Swan, type  of  lamp  is  made  either  direct 
from  cotton  thread,  or  from  a  thread  formed  by  squirting  a  solution 
of  cellulose  through  a  fine  nozzle  at  high  pressure,  cellulose  being 
the  chief  constituent  of  such  vegetable  substances  as  cotton,  linen, 
paper,  &c.  The  first  process  with  the  cotton  is  that  of  parch- 
mentising it.  This  is  no  secret,  the  method  adopted  being  the 
same  as  that  for  making  ordinary  parchment  paper.  A  solution 
of  two  parts  of  sulphuric  acid  to  one  part  of  water  having  been 
prepared,  the  cotton  thread  (which  should  be  of  a  loose  texture, 
such  as  knitting  or  crochet  cotton)  is  wound  on  a  drum,  from 
which  it  is  passed  slowly  through  the  acid  solution.  During  the 
passage  the  acid  acts  on  the  fibres  and  gradually  destroys  their 
molecular  structure,  partially  dissolving  the  material,  and  convert- 
ing it  into  a  gelatinous  semi-transparent  state,  as  cellulose,  having 
a  chemical  composition  of  CeHioOs.  Having  been  brought  to 
this  condition,  it  is  passed  over  freely  revolving  rollers  or  pulleys 
into  a  bath  of  running  water,  where  it  is  slowly  and  uniformly 
wound  on  to  a  large  perforated  metallic  drum.  When  the  drum 
is  covered  it  is  removed  and  placed  in  another  water  bath,  to 
ensure  a  thorough  washing.  It  is  absolutely  essential  that  every 
particle  of  acid  should  be  removed,  for  were  any  left  behind,  it 
would  on  drying  destroy  the  thread  by  dissolving  it.  After  being 
thus  thoroughly  washed,  the  drum  is  removed  from  the  water 
and  placed  aside,  to  allow  the  thread  to  dry.  When  first  placed 
in  the  washing  bath  it  gradually  loses  its  transparency,  becoming 
white  and  opaque.  But  on  drying,  it  returns  to  the  transparent 
state,  with   the  additional  property  of  being  remarkably  tough. 
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becoming  a  homy  thread,  with  every  trace  of  the  original  twist 
destroyed. 

This  process  can  be  carried  out  in  a  small  way,  and  is  very 
instructive.  A  piece  of  knitting  cotton  is  wound  round  a  piece  of 
glass,  or  better  still,  round  a  frame  made  of  pieces  of  glass  rod.  It 
is  then  dipped  into  the  acid  solution  of  the  proportions  above 
mentioned.  The  process  must  be  carefully  watched,  and  if  the 
action  has  been  of  just  sufficient  duration,  but  not  lasting  too  long, 
the  change  from  the  fibrous  to  the  homogeneous  state  will  be 
readily  seen.  It  should  then  be  placed  in  water,  well  washed  and 
dried.  The  drying  is  best  performed  by  stretching  the  thread 
gently  in  a  straight  line,  or  if  too  lengthy,  over  a  series  of 
pulleys.  If  the  thread  is  left  in  the  acid  too  long,  the  solu- 
tion is  carried  too  far  and  the  thread  weakened,  so  much  so  as  not 
to  be  able  to  bear  its  own  weight  even  in  a  length  of  a  few  inches. 
The  same  thing  happens  if  the  thread  on  being  removed  from  the 
acid  is  placed  on  a  plate  or  piece  of  glass,  instead  of  being  at 
once  immersed  in  the  water  ;  the  acid  remaining  in  the  thread 
completes  the  dissolving  process,  and  liquefaction  ensues.  It  is 
possible  to  remove  the  thread  from  the  acid  too  soon,  the  defect 
then  being  that  the  destruction  of  its  fibrous  character  is  only 
partly  performed. 

The  thread  having  dried,  it  is  next  reduced  to  a  uniform  gauge 
throughout,  which  is  done  by  drawing  it  through  a  series  of  jewel 
dies  decreasing  slowly  in  diameter.  It  is  then  subjected  to  the 
process  of  '  carbonising,'  or  converting  it  into  a  solid  carbon  fila- 
ment. The  thread  is  first  wound  on  a  frame  consisting  of  two 
round  carbon  or  porcelain  rods  kept  in  position  by  being  fixed 
into  holes  in  two  side-pieces.  The  round  rods  are  sufficiently  far 
apart  to  make  each  bend  of  the  thread  correspond  to  one  filament, 
for  it  is  in  the  process  of  carbonising  that  the  filament  is  definitely 
shaped.  In  order  to  make  the  loop  which  was  at  one  time  one  of 
the  characteristic  features  of  the  Swan  filament,  the  thread  is  turned 
twice  round  one  of  the  carbon  rods  in  the  frame  before  passing  to 
the  other  rod.  One  object  of  this  formation  is  to  get  a  long  fila- 
ment in  a  comparatively  small  bulb.  The  frame  having  been 
filled,  pieces  of  cardboard  are  placed  on  its  sides  or  faces  to  prevent 
accidental  injury  to  the  threads,  the  whole  being  then  WTapped 
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round  with  paper.  A  number  of  such  parcels  is  placed  in  a 
crucible  or  cast-iron  box,  until  the  vessel  is  nearly  full.  Powdered 
charcoal  having  been  shaken  over  the  contents  to  fill  up  any  spaces 
that  may  have  been  left,  the  lid  is  placed  in  position,  and  an  air- 
tight joint  made  with  a  little  fireclay.  As  the  powdered  charcoal 
gets  hot  it  absorbs  any  free  oxygen  that  may  be  in  the  crucible 
and  prevents  any  getting  to  the  filaments ;  were  it  to  do  so,  it 
would  speedily  destroy  them.  The  crucible  being  thus  prepared, 
is  placed  in  a  suitable  furnace  and  raised  slowly  to  a  white  heat. 
The  gradual  increase  of  temperature  is  important  in  determining 
the  shapeliness  of  the  filament.  Too  rapid  an  increase  in 
temperature  might  alter  the  dimensions  of  the  frame  and  cause 
the  threads  to  sag,  so  that  the  form  of  the  filaments  would  be  more 
or  less  distorted.  The  high  temperature  is  necessaiy  to  render 
the  carbon  hard  and  durable,  to  increase  its  conductivity,  and  to 
reduce  its  capacity  for  holding  atmospheric  and  other  gases  within 
its  pores.  This  last-mentioned  feature  is  not  only  interesting,  but 
it  is  also  fraught  with  the  utmost  importance.  All  substances  are 
more  or  less  porous,  and  have  the  power  in  varying  degrees  of 
holding  gaseous  particles  within  those  pores,  a  power  or  property 
known  as  occlusion.  As  the  temperature  of  a  body  rises  these 
gaseous  particles  expand  and  force  themselves  through  the  sub- 
stance, frequently  causing  minute  fissures  ;  with  some  substances 
which  do  not  liquefy,  such  as  carbon  in  its  ordinary  form,  this 
power  of  occluding  gases  returns  with  a  resumption  of  the  normal 
temperature.  It  is,  therefore,  imperative  that  the  nature  of  the 
carbon  should  be  so  altered  as  to  prevent  this  taking  place.  Hence 
the  necessity  for  thorough  carbonisation  at  a  high  temperature. 

This  alteration  in  character  of  the  carbon  is  continued  in 
the  next  process,  which  is  that  of  *  flashing.'  Before  proceeding 
with  this  process,  however,  the  filaments  are  cut  to  about  the 
desired  length,  sufficient  margin  being  allowed  for  making  connec- 
tion with  the  platinum  wires,  which  pass  through  the  bulb  to  the 
external  circuit.  The  filament  is  then  held  by  a  pair  of  clips, 
connected  with  suitable  terminals,  by  means  of  which  a  dynamo, 
or,  better  still,  a  battery  of  secondary  cells,  can  be  joined  on.  The 
suspended  filament  is  then  placed  in  an  atmosphere  of  some 
hydro-carbon,  more  generally  ordinary  coal-gas  (which  is  rich  in 
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carbon)  and  traversed  by  brief  currents  sufficiently  strong  to  raise 
it,  or  portions  of  it,  to  a  white  heat.  The  effect  of  this  process  is  to 
partially  decompose  the  gas  which  is  at  the  ordinary  atmospheric 
pressure,  and  to  cause  a  deposition  of  carbon  particles  on  the  sur- 
face of  the  filament.  Should  there  be,  as  is .  generally  the  case, 
any  inequality  in  the  filament,  causing  a  variation  in  its  resistance, 
one  portion  will  be  raised  to  a  higher  temperature  than  another, 
and  upon  this  hotter  section  a  greater  deposit  of  carbon  will  take 
place.  The  flashing  process  is  therefore  continued  until  the 
carbon  assumes  a  uniform  temperature —that  is  to  say,  until  it 
becomes  uniformly  luminous  throughout.  The  process  also  ser\-es 
to  reduce  the  power  of  occluding  gases  in  the  interstices  between 
the  particle-s.  The  filament  is  next  placed  in  an  exhausted 
receiver,  and  a  continuous  current  passed  through  it,  the  result 
being  that  the  carbon  is  hardened,  the  conductivity  increased,  and 
the  power  of  occlusion  eventually  destroyed  ;  but  to  bring  about 
these  results  the  temperature  must  be  raised  to  a  white  heat,  the 
current  being  maintained  until  the  resistance  is  reduced  almost  to 
the  required  limit.  The  final  flashing  may,  however,  be  reser\'ed 
until  the  filament  is  fixed  in  the  bulb  and  ready  for  finishing  off. 

Platinum  wires  are  always  employed  in  mounting  the  filaments, 
as  platinum  is  the  only  metal  which  has  a  coefficient  of  expansion 
nearly  equal  to  that  of  glass  :  that  is  to  say,  it  expands  or  contracts 
with  variations  of  temperature  at  almost  exactly  the  same  rate  as 
glass,  so  that  it  can  be  fused  into  that  material  without  any  risk  of 
its  subsequently  fracturing  the  glass  on  cooling.  The  wires  are  firet 
fused  along  the  sides  of  a  short  piece  of  glass  rod,  or  have  a  littb 
molten  glass  twisted  round  them  while  they  are  held  in  position. 
In  the  former  case,  a  piece  of  glass  tubing  is  fused  over  the  rod, 
thereby  encasing  the  wires  for  a  portion  of  their  length.  The 
coefficient  of  expansion  for  white  glass  is  0*0000086,  while  for 
platinum  it  is  0-0000088,  so  that  these  two  substances  agree  very 
closely  in  this  respect.  The  coefficient  for  wrought-iron  is 
0*0000122,  or  about  50  per  cent,  higher  than  that  for  glass,  while 
for  other  metals  the  disparity  is  still  greater.  Efforts  have  been 
made  in  America  to  use  long  pieces  of  iron  wire  embedded  in  a 
zigzag  fashion  in  the  glass,  and  to  rely  upon  the  minute  irregularities 
in  the  relative  disposition  of  the  glass  and  iron  to  keep  them 
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together  and  to  prevent  small  quantities  of  air  from  entering  the 
bulb  and  so  destroying  the  vacuum.  Experiments  have  also  been 
made  with  a  number  of  alloys.  Mr.  Fessenden,  of  New  Jersey, 
claims  to  have  succeeded  with  an  alloy  of  silicon  with  such 
substances  as  iron,  nickel,  and  gold.  The  anxiety  to  find  a 
substitute  for  platinum  arises  from  its  scarcity  and  consequent 
high  price.  This  is  the  only  objection,  for  in  all  other  respects  it 
answers  admirably.  The  supply  is  derived  almost  entirely  from 
Russia,  where  important  mines  are  being  rapidly  developed  and 
new  sources  opened  up.  After  all,  however,  the  cost  of  the 
platinum  is  only  about  5  per  cent,  of  the  cost  of  the  lamp. 

The  connection  between  the  carbon  and  the  platinum  is  made 
by  flattening  out  the  ends  of  the  wires  into  minute  plates,  which 
are  then  bent  gently  round  the  ends  of  the  filament,  to  which 
they  are  fixed  with  carbonaceous  cement.  The  joint  is  completed 
by  carbonising  the  cement  by  means  of  a  strong  current  sent 
through  it.  Instead  of  using  the  cement,  the  joints  are  some- 
times perfected  by  immersion  in  a  hydro-carbon  liquid  or  gas, 
the  filament  being  short-circuited  and  the  joints  raised  to  incan- 
descence by  a  strong  current,  causing  a  decomposition  of  the 
hydro-carbon,  and  a  deposition  of  the  carbon  upon  the  joints. 
There  are  several  other  methods  of  mounting,  but  they  are  mostly 
based  upon  or  are  modifications  of  those  above  described. 

The  next  process  is  that  of  exhausting  the  bulb  of  its  con- 
tained air  and  moisture.  This  has  to  be  performed  carefully, 
and  it  is  here  that  some  of  the  greatest  difficulties  are  met  with. 

The  vacuum  obtainable  in  an  ordinary  mechanical  air-pump  is, 
as  we  have  already  indicated,  far  from  perfect,  and  useless  for  the 
purpose.  There  are,  however,  two  types  of  mercurial  air-pumps 
which  are  so  far  superior  to  the  mechanical  form  that  they  can 
produce  even  higher  vacua  than  are  actually  required  for  lamp- 
making.  It  is,  of  course,  well  known  that  if  a  long  glass  tube, 
say  36  inches  long,  sealed  at  one  end,  is  filled  with  mercury  and 
then  inverted  with  its  open  end  under  the  surface  of  mercury 
contained  in  a  basin  or  other  convenient  vessel,  the  liquid  metal 
in  the  tube  will  sink  until  its  surface  is  about  30  inches  above 
that  of  the  mercury  in  the  basin— until,  in  fact,  just  a  sufficient 
height  of  mercury  is  left  in  the  tube  to  balance  the  atmospheric 
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pressure  on  the  mercury  outside.  It  follows  that  the  space  in  the 
tube  above  the  level  of  the  metal  is  a  more  or  less  perfect  vacuum, 
and  it  is  generally  known  as  a  Torricellian  vacuum,  owing  to  the 
fact  that  Torricelli  was  the  first  to  perform  the  experiment 

Pj^    ^  The    Geissler    pump,    al- 

«  though  but  a  modification  of 

-__  the  Torricellian  apparatus,  is 

\^  an  instrument  of  considerable 

^t  I  value.     A  laboratory  form  of 

^U  this    pump    is    illustrated    in 

^1  fig.  300.     A  is  a  glass  vessel 

I  or  reservoir  which  is  connected 


by  a  piece  of  flexible  tubing, 
c,  with  a  barometer  tube,  1, 
terminating,  at  its  upper  ex- 
tremity, in  a  glass  reservoir,  b, 
which  may  be  called  the  pump- 
head.  This  latter  reser\-oir  is 
connected  to  a  three-way  tap, 
«,  of  which  enlarged  views  are 
given  at  X  V  z.    When  this  tap 


^j|  is  turned,  as  at  z,  comniunica- 

Wi  tion  between  b  and  the  outer 

*A  I  air  at  v  is  established,  an  addi- 

^4|  tional  ordinary  tap  being,  how- 

I  ever,  interposed  at  w.     When 

m  is  turned  off,  as  at  v,  com- 
munication with  the  outer  air 
is  shut  off;  but  if  n  is  turned 
into  the  position  shown  at  x, 
the  pumphead  is  connected  to 
the  tube  d^  which  leads  into 
the  drying  tube  o^  containing 
sulphuric  acid.     The  receiver 
or  other  vessel  to  be  exhausted  is  connected  to  the  tube  r,  which 
also  leads  into  the  drying  tube.     A  small  manometer  or  pressure 
gauge,  /,  also  communicates  with  0^  and  serves  to  indicate  the 
degree  of  exhaustion   obtained.     The  reservoir,  a,  has  a  cord 
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attached  to  it,  which,  passing  over  the  pulley,  «,  is  fixed  to  the 
drum,  b.  By  means  of  the  handle  attached  to  this  drum,  the 
reservoir  can  be  raised  or  lowered  through  a  distance  of  nearly 
4  feet.  » 

If  now  A  is  placed  at  the  top  of  its  range,  the  taps  n  and  m 
being  open  as  at  z,  the  mercur}'  on  being  poured  in  will  fall  down 
the  tube  c  and  rise  in  t  until  the  pump-head,  k,  is  full,  or  until  the 
mercury  columns  in  the  two  tubes  are  balanced.  The  air  in  t 
and  B  will,  ot  course,  be  expelled  at  v  as  the  mercury  rises  in  the 
tube.  Supposing  the  taps  to  be  next  turned  so  as  to  shut  off 
communication  with  the  outer  air  and  connect  b  with  the  receiver 
or  incandescent  lamp  bulb  which  is  to  be  exhausted,  and  then 
the  reservoir,  a,  to  be  lowered  sufficiently,  the  mercury  will  flow 
out  of  B  and  down  t  until  it  is  just  balanced  by  the  pressure  of 
the  air  on  the  surface  of  the  mercury  in  a.  The  air  in  the  receiver 
or  bulb  then  expands  uniformly  so  as  to  occupy  the  space  in  the 
pump-head  and  tube  above  the  mercury.  The  tap  n  is  again 
turned  so  as  to  shut  off  the  receiver.  On  raising  the  reservoir, 
A,  the  mercur}'  again  rises  into  b,  and  the  taps  being  turned  so  as 
to  open  communication  with  the  atmosphere,  the  contained  air  is 
driven  out.  This  done,  n  is  once  more  turned  so  as  to  open  com- 
munication between  the  receiver  and  b,  and  cause  the  air  left  in 
the  receiver  to  again  expand  when  a  is  lowered.  This  air  is  in  its 
turn  expelled,  and  the  process  repeated.  The  operation  is  obviously 
a  very  slow  one,  although  it  is  possible  with  this  apparatus  to  obtain 
very  high  vacua. 

The  other  type  of  mercurial  pump  to  which  we  have  referred 
is  the  Sprengel,  the  fundamental  principle  of  which  is  illustrated 
in  fig.  301.  It  consists  of  a  stout  glass  tube,  c  d,  39  or  40  inches 
long,  with  a  branch  x  connected  to  the  vessel  r  to  be  exhausted. 
A  large  funnel-shaped  reservoir,  a,  supported  by  a  stand,  is  con- 
nected to  ^  ^  by  means  of  a  piece  of  india-rubber  tubing,  the  size 
of  the  channel  through  it  being  adjusted  by  means  of  a  pinch-cock. 
The  lower  end  of  ^  ^  dips  below  the  surface  of  the  mercury  in  the 
flask  b,  which  is  furnished  with  a  spout  a  little  higher  than 
the  bottom  oic  d,  in  order  to  allow  the  mercury  to  pass  out  into 
the  reser\'oir,  h.  The  pinch-cock  is  so  adju.sted  as  only  to  allow 
the  mercury  to  pass  down  the  shaft  a  drop  at  a  time.     Each  drop 
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Fig.  301. 


constitutes  a  plug  or  piston  which  fits  closely  to  the  sides  of  the 
glass,  and  in  its  descent  drives  before  it  any  air  that  may  happen 
to  separate  it  from  the  drop  beneath  it.  The  shaft  r  ^  is  to  all 
intents  and  purposes  a  barometer,  so  that  the  drops  of  mercury 
accumulate  until  a  column  is  formed  about  30  inches  high,  the 

actual  height  depending  upon 
the  counter-pressure  of  the 
outer  air  at  the  time  being. 
Hence  the  distance  which  the 
mercury  pistons  ultimately  fall 
is  only  9  or  10  inches.  It  will 
be  evident  that  as  the  drops 
fall,  and  tend  to  establish  a 
vacuum  above  them,  the  air  in 
R  expands  and  part  of  it  oc- 
cupies this  otherwise  vacuous 
space.  Consequently  as  each 
piston  passes  the  junction  of 
.T,  the  air  is  swept  out  little  by 
little  until  finally  a  very  good 
vacuum  is  obtained  in  r. 
When  the  degree  of  rarefac- 
tion becomes  considerable, 
the  pistons  fall  smartly  upon 
the  column  of  mercury  and 
give  out  a  distinct  metalhc 
ringing  sound.  This  hammer- 
ing frequently  sets  up  such 
strong  vibrations  as  to  fracture 
the  glass  ;  and  it  is  this  which 
really  limits  the  length  of  the 
shaft.  As  the  mercury  falls 
'  on  the  barometric  column,  an 

equal  quantity  is,  of  course,  driven  out  at  the  lower  end,  canying 
with  it,  also,  the  bubbles  of  air  which  separate  the  little  plugs. 
The  mercury  collected  in  h  is  replaced  in  a  as  necessity  arises. 
This  process  is  also  very  long  and  tedious. 

The  exhaustion  can  be  materially  hastened  by  employing  a 
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good  mechanical  air-pump  to  exhaust  the  system  as  far  as  pos- 
sible by  mechanical  means,  the  process  being  afterwards  com- 
pleted with  the  mercury  pump.  A  simple  barometer  gauge  can 
also  be  used  to  indicate,  by  the  height  of  its  contained  mercury, 
the  degree  of  exhaustion  obtained. 

These  are  the  two  systems  of  pumps  upon  which  the  appa- 
ratus actually  employed  in  exhausting  incandescent  lamp  bulbs  is 
based.  These  simple  forms  are,  however,  open  to  many  serious 
objections.  A  film  of  air  always  attaches  itself  to  the  surface 
of  glass,  and  at  times  some  difficulty  is  encountered  in  getting 
rid  of  it.  Air  is  also  supposed  to  be  confined  in  the  mercury 
itself,  but  there  is  some  doubt  on  this  point.  To  get  rid  of  other 
impurities  the  mercury  should  always  be  distilled,  and  never 
allowed  to  get  dirty  by  contact  with  brass  or  any  other  substance 
which  it  is  likely  to  attack.  Ordinary  air  always  contains  more  or 
less  moisture,  and  to  remove  this,  the  air  as  it  is  exhausted  from 
the  lamp  bulb  is  made  to  pass  through  sulphuric  acid  or  phos- 
phoric anhydride  in  order  to  dry  it  before  it  is  allowed  to  enter 
the  pump.  Grease  used  for  lubricating  taps  is  also  injurious  for 
similar  reasons,  and  should,  therefore,  be  avoided.  Taps  them- 
selves are  serious  offenders.  No  matter  how  perfectly  they  are 
made,  they  must  allow  some  air  to  enter  the  pump,  more  especi- 
ally when  high  vacua  are  obtained,  and  when,  therefore,  the  pres- 
pure  of  the  outer  air  on  the  tap  is  very  considerable.  To  overcome 
this  diflSculty,  taps  are  now  superseded  in  the  essential  portions 
of  the  pump  by  small  glass  valves  moving  up  and  down  in  the 
pump  as  the  mercury  rises  and  falls.  Their  ends  are  ground  to 
fit  the  seating,  the  passage  being  effectually  sealed  by  a  small 
ring  of  mercury  which  is  retained  as  the  valve  drops  into  position. 
One  of  these  valves  is  shown  at  d,  in  fig.  304. 

But  mercury,  like  other  bodies,  is  more  or  less  volatile,  and 
when  the  exhaustion  in  the  pump  is  carried  beyotid  a  certain 
point  the  exceedingly  small  pressure  on  the  mercury  surface 
permits  vaporisation  to  take  place.  Although  the  degree  of 
exhaustion  of  incandescent  lamp  bulbs  is  comparatively  low,  and 
not  sufficient  to  cause  any  considerable  amount  of  vaporisation, 
it  may  be  interesting  to  mention  a  device  by  Mr.  Crookes  for 
keeping  the  vapour  out  of  the  receiver  to  be  exhausted.     Between 
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the  receiver  and  the  pump  he  placed  a  long  tube  containing  in 
the  middle  of  it  a  little  iodine,  on  each  side  of  which  was  placed 
powdered  sulphur.     The  mercury  vapour   was  arrested  by  the 

iodine  and  converted  into 
'^  ^°^'  solid  iodide  of  mercur)*. 

The  iodine,  which  is  itself 
volatile,  was  prevented  by 
the  sulphur  from  getting 
out  of  the  tube  either  way, 
by  its  conversion  into 
iodide  of  sulphur.  But 
there  was  also  a  risk  of 
the  sulphur  getting  out  of 
the  tube,  and  this  was 
prevented  by  placing  in 
its  path  powdered  silver, 
which,  combining  with 
sulphur  vapour,  would 
form  sulphide  of  silver. 
In  this  way  it  would  be 
possible  to  prevent  any 
mercury  passing  into  the 
receiver,  which  would, 
therefore,  contain  nothing 
but  the  exceedingly  minute 
residuum  of  air. 

One  of  the  most  prac- 
tical forms  of  pump  is  that 
of  Mr.   Gimingham,   the 
factory  type  of  which  is 
illustrated  in  fig.  302.     A 
large    vessel,   a,    is    em- 
ployed  to  supply  several 
pumps,  the  flow  of  mer- 
cury through  each  pump  being  regulated  by  the  tap,  b.     The 
mercury  is  driven  up  the  tube  d  and  enters  the  pump-head  at  e, 
where   the  drops   are  divided  between  five  Sprengel  fall-tubes, 
carrying  with  them  the  air  from  the  lamp   bulb  attached  to  R, 
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which  on  its  way  to  the  pump  passes  through  the  horizontal  dr)ung 
tube  s.  The  mercury  plugs  fall  into  the  reservoir  f,  whence  the 
metal  is  lifted  by  a  force-pump  into  a  again.  But  as  the  mercury 
is  very  liable  to  carry  with  it  minute  air-bubbles,  which  would  be 
given  up  in  the  pump  and  impair  the  vacuum,  some  device  be- 
comes necessary  for  arresting  these  atmospheric  particles.  The 
bubbles  usually  find  their  way  to  the  surface  of  the  glass,  and 
slide  upwards  with  the  mercury.  This  fact  permits  the  adoption 
of  a  very  simple  but  effectual  form  of  *  air-trap,'  as  shown  near  the 
top  of  the  tube  d.  The  tube  is  at  this  point  enlarged  to  a  bulb, 
through  the  top  of  which  is  fused  the  tube  leading  to  e.  This 
inner  tube  is  open  at  its  lower  end,  which  is  clear  of  the  outer  tube, 
so  that  the  mercury  on  rising  passes  freely  through  it  on  its  way 
to  the  pump,  while  the  air-bubbles  continue  their  course  along  the 
surface  of  the  glass,  and  are  consequently  arrested  or  trapped  in 
the  upper  part  of  the  bulb. 

A  more  elaborate  form  of  the  same  pump  is  shown  in  fig.  303, 
for  which  we  are  indebted  to  the  Council  of  the  Society  of  Arts. 

The  supply  vessel  a  communicates  by  a  long  flexible  tube  with 
a  forked  tube  c.  The  tube  on  the  left,  which  is  controlled  by  the 
pinch-cock  r,  leads  through  two  air-traps,  «,  wi,  to  a  McLeod 
pressure  gauge,  an  appliance  used  for  measuring  the  pressure  in 
very  high  vacua  where  the  ordinary  means  of  measurement  are  not 
available.  The  process  consists  in  compressing  a  large  but  known 
volume  of  the  rarefied  air  into  a  comparatively  small  space  also  of 
known  dimensions,  and  then  measuring  the  pressure  under  the 
altered  conditions.  The  tube  on  the  right,  controlled  by  the 
pinch-cock  ^,  leads  through  the  air-traps  h^  i  to  the  pump- head, 
where  the  mercury  divides  between  the  five  fall-tubes,  which  are 
about  39  inches  long,  and  which  discharge  into  the  capacious 
reservoir  shown  at  the  bottom.  The  tube  /  is  the  exhaust  tube, 
having  three  branches,  one,  J,  leading  to  the  McLeod  gauge, 
another,  /,  to  the  barometric  gauge,  »,  and  another  through  the 
drying  and  absorbing  tubes,  .v  and^,  to  the  lamp  bulb.  A  com- 
parison barometer  is  placed  at  w.  The  supply  vessel  a  is  lowered 
from  time  to  time,  and  communication  established  with  the  col- 
lecting vessel,  so  as  to  allow  the  mercury  after  it  has  passed  through 
the  pump  to  refill  it.     In  experimenting  it  is  sometimes  necessary 
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to  count  the  number 
of  times  this  vessel 
is  raised ;  this  is  done 
automatically  by  the 
tubes    de    and  fg 
with  the  aid  of  a  few 
leaden  shot,  one  shot 
being   made   to  fall 
from  the  upper  to  the 
lower  tube  every  time 
el  A   is   raised.     Mr. 
lam  has  experimented 
jnsively  with  mercurial 
md  finds  that  39  inches 
2st  length  for  the  fall- 
ie  says  that  *An  ex- 
t  recorded  in  my  notc- 
;h  a  five-fall  tube  pump 
ibes  were  at  first  made 
js  long,  and  then  were 
led   to   39  inches  by 
pieces  to  their  lower 
lows  that   by  passing 
e  quantity  of  mercury 
through  at  the   same  rate,  a 
certain  globe  was   exhausted 
in  the  first   case   to   50  mm. 
pressure,  and  in  the  second  to 
I   mm ,  showing  a  great    in- 
crease in  the  rate  of  exhaus- 
tion, due  to  the  extra  6  inches 
of   fall  tube.      On    the   other 
hand,  if  they  be  made  of  a 
greater  length  than  39  inches, 
the  fall  of  the  mercury  at  the 
high  exhaustion  causes  such  se- 
vere hammering  that  the  tubes 
are  liable  to  be  fractured.' 
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From  other  experiments  he  deduced  that  in  the  higher  stages  of 
the  exhaustion,  the  air  particles,  instead  of  being  swept  out  by  the 
pistons,  are  taken  out  by  a  process  of  entanglement  with  the  mercury. 

Mr.  Swinburne  has  devised 
a  simple  and  useful  pump  (fig. 
304).  It  consists  of  a  bulb, 
A,  on  a  long  shaft,  g,  which 
passes  through  an  air-tight 
stopper  nearly  to  the  bottom 
of  the  bottle  b.  The  bulb  is 
drawn  to  a  point  at  the  top, 
and  the  tube  is  enlarged  into 
a  little  bulb  at  c.  It  is  again 
contracted  where  it  joins  the 
valve  tube  d.  From  the  top 
of  D  there  is  a  tube  to  the 
globe  E  communicating  with 
the  tube  f,  which  serves  for  a 
number  of  pumps  and  in  which 
a  vacuum  is  maintained  by  a 
mechanical  pump,  h  leads 
to  the  drying  tube  i,  and  j  to 
the  branch  tube  on  which  the 
lamps  are  sealed.  The  pump 
is  started  by  opening  the  tap 
L,  but  the  bent  tube  leading 
into  the  globe  e  is  drawn  very 
fine,  so  that  the  exhaustion 
takes  place  gradually.  The 
bend  in  this  tube  prevents 
any  globules  of  mercury  that 
may  be  drawn  over  into  e  from 
getting  into  the  vacuum  tube 
F.  When  the  vacuum  in  the 
pump  and  lamps  has  been 
brought  to  about  half  an  inch, 
communication  with  f  is  cut 
off  by  turning  the  tap  l,  and 
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the  tap  K  is  opened,  and  a  higher  vacuum  developed  by  sub- 
jecting the  mercury  in  b  to  alternations  of  ordinary  atmospheric 
and  high-air  pressure.  The  height  of  the  mercury  shown  in 
the  shaft  g  is  that  due  to  the  ordinary  atmospheric  pressure 
in  B,  so  that  when  the  high-pressure  air  descends  through  k, 
the  mercury  is  driven  past  the  opening  of  the  tube  h,  through 
the  bulb  or  pump-head  a,  through  c,  and  half  way  up  the 
tube  D.  The  extra  pressure  being  now  removed  from  b,  the 
mercury  descends,  the  valve  in  d  closing  the  opening  into  c 
before  it  has  all  fallen,  so  that  the  valve  is  sealed  by  the  mercury. 
The  mercury  continues  to  fall  till  it  reaches  the  level  c,  whence  a 
further  exhaustion  by  expansion  from  the  lamp  bulb  takes  place. 
This  small  quantity  of  air  is  in  its  turn  expelled,  and  the  Geissler 
action  continued  until  the  necessary  degree  of  exhaustion  has  been 
obtained.  The  little  bulb  c  is  introduced  to  prevent  the  mercur)' 
rising  and  hitting  the  valve  smartly  when  the  exhaustion  approaches 
completion.  Were  it  allowed  to  do  so  the  air  would  probably  be 
driven  against  the  side  of  the  glass  and  stick  there.  It  will  be 
evident  that,  as  the  passages  both  above  and  below  d  are  ex- 
hausted, a  very  small  pressure  will  suffice  to  raise  the  valve. 

Reverting  to  fig.  301,  it  will  be  apparent  that  if  the  atmospheric 
pressure  in  b  is  reduced,  the  mercury  column  in  the  shaft  c  d  will 
be  shortened,  whence  a  shorter  shaft  will  suffice.  In  pumps  of 
this  pattern  devised  by  Mr.  Steam  there  are  three  fall-tubes, 
each  10  inches  long,  completely  enclosed  in  a  partially  exhausted 
chamber. 

Such  pumps  are  finding  considerable  favour,  but  they  intro- 
duce a  further  risk,  for  if  anything  happens  to  interfere  with 
the  partial  vacuum,  the  mercury  will  be  driven  up  with  consider- 
able force  and  get  into  the  upper  parts  of  the  pump,  possibly 
breaking  it. 

Many  suggestions  have  been  made  to  heat  portions  of  the 
mercury  pump  with  a  view  to  hastening  its  action,  and  pumps  have 
been  constructed  to  suit  this  purpose,  but  they  do  not  seem  to 
have  met  with  much  success  in  practice.  Vacua  can  now  be 
obtained  far  in  advance  of  the  actual  requirements,  the  most 
perfect  vacua  being  developed  by  the  absorption  of  the  residual 
gas  after  the  exhaustion  has  been  pushed  as  far  as  possible  by  the 
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mercury  pump.  This  is  done  either  mechanically  or  by  using 
some  substance  with  which  the  air  particles  combine  chemically. 
Professor  Dewar  has  produced  a  vacuum  which  he  estimates  at 
^\j^  of  a  millimetre  by  heating  charcoal  to  redness  in  the  vessel 
exhausted  by  the  Sprengel  pump. 

Mr.  W.  Crookes  says  he  has  obtained  a  vacuum  of  one- 
hundredth  of  a  millionth  of  an  atmosphere,  which  is  equivalent 
to  one-tenth  of  an  inch  at  the  top  of  a  barometer  tube  200  miles 
in  height.  That  would  appear  to  be  an  almost  perfect  vacuum  ; 
but  such  is  the  smallness  of  the  molecules  of  matter,  that  were  a 
small  tube  containing  a  centimetre  of  air  exhausted  to  that  extent, 
there  would  still  be  left  in  it  ten  billion  molecules. 

Although  it  is,  evidently,  a  comparatively  simple  matter  to 
obtain  the  degree  of  exhaustion  necessary  for  incandescent  lamps, 
there  are  several  causes  for  a  deterioration  manifesting  itself  in  the 
vacuum  after  the  finished  lamp  has  been  laid  aside  for  a  time, 
such  as  the  occlusion  of  gases  by  the  carbon  and  platinum,  and 
by  the  cement  employed  to  connect  them  together,  and  the  very 
thin  film  of  air  which  is  liable  to  adhere  to  the  inner  surface  of 
the  bulb.  In  order  to  expel  these  gases,  the  filament  is  raised  to 
incandescence  during  the  later  stages  in  the  process  of  exhaustion, 
or  the  heat  is  applied  externally. 

The  lamp  having  been  sufficiently  exhausted,  the  small  glass 
tube  connecting  the  bulb  to  the  exhaust  tube  is  fused,  drawn  out 
to  a  thread,  and  the  lamp  sealed  off. 

The  vacuum  is  usually  tested  by  means  of  an  induction  coil  ; 
one  method  is  to  fuse  two  platinum  wires  into  a  glass  tube  leading 
to  the  lamp,  and  simultaneously  exhausted  with  it,  and  to  connect 
these  wires  to  the  terminals  of  the  secondary  coil.  The  distance 
between  the  ends  of  the  platinum  wires  inside  the  tube  is  so 
adjusted  that  when  the  required  degree  of  exhaustion  is  attained 
the  spark  passes  through  the  air  outside  the  tube  in  preference 
to  traversing  the  vacuous  space  between  the  platinum  points. 
Another  method  applicable  to  the  finished  lamp  is  to  connect  one 
end  of  the  secondary  to  the  filament,  and  the  other  to  a  loop 
wound  outside  the  bulb,  the  quality  of  the  vacuum  being  deter- 
mined by  the  relative  feebleness  of  the  discharge  which  takes 
place  between  the  filament  and  the  bulb.     When  the  lamp  is 
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badly  or  imperfectly  exhausted  the  filament  *  bums ' — that  is  to 
say,  it  oxidises — but  it  also  requires  a  greater  amount  of  heat  to 
raise  and  maintain  its  temperature  at  the  required  point,  owing  to 
the  fact  that  the  air  particles  carry  a  portion  of  the  heat  away  by 
convection. 

The  filament  of  the  Edison  lamp — which,  although  now  obso- 
lete in  England  is  still  employed  in  America — is  made  from 
bamboo,  which  is  carefully  cut  into  very  fine  strips  of  the  re- 
quired length,  provided  with  little  enlargements  at  the  extremities 
to  facilitate  the  fixing  to  the  platinum  wires  which  are  fused 
through  the  bulb. 

The  carbonising  and  subsequent  processes  are  similar  in 
principle  to  those  already  described,  the  method  of  fixing  the 
carbon  to  the  platinum  being,  however,  somewhat  different  The 
flat  ends  of  the  carbon  are  mechanically  gripped  by  the  platinum, 
and  the  junction  is  made  electrically  perfect  by  a  small  coating  of 
copper  deposited  electrolytically — that  is  to  say,  the  joint  is  con- 
nected to  the  negative  pole  of  a  battery,  and  is  then  placed  in  a 
bath  or  vessel  containing  a  solution  of  copper  sulphate,  in  which 
is  immersed  a  copper  plate  connected  to  the  positive  pole  of 
the  battery.  As  the  current  passes  through  the  solution,  copper 
particles  are  dissolved  off  the  copper  plate,  and  an  equal  number  of 
particles  precipitated  upon  the  joint.  Electrical  continuity  is  in 
this  way  ensured,  but  during  the  subsequent  working  of  the  lamp 
there  is  a  tendency  towards  the  disintegration  of  the  copper, 
which  is  sometimes  deposited  upon  the  inner  surface  of  the  bulb 
as  a  thin  metallic  film. 

Such  are  the  general  features  pertaining  to  the  construction 
of  the  Swan  and  Edison  lamps,  but  the  many  competing  manu- 
facturers who  have  availed  themselves  of  the  lapsing  of  the  patent 
rights  adopt  methods  of  a  very  similar  character,  and  we  need 
only  refer  in  the  succeeding  pages  to  one  or  two  of  them. 

For  ordinary  purposes  the  filaments  are  shaped  either  as  single 
or  double  loops.  There  are,  however,  several  ways  in  which 
connection  is  made  between  the  lamp  and  the  external  circuit, 
involving  a  corresponding  variety  in  the  form  of  the  lamp- 
holders. 

Figs.  305  to  309  illustrate  the  methods  more  generally  em- 
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ployed  for  connecting  the  filament  to  the  external  circuit.  In  one 
of  the  lamps,  fig.  305,  the  outer  ends  of  the  platinum  leading 
wires  are  simply  bent  into  small  loops,  the  class  of  holder  used 
being  provided  with  two  spiral  springs  connected  to  the  circuit 
leads.  The  free  ends  of  the  springs  are  passed  through  the  lamp 
loops,  the  shoulder  of  the  lamp  fitting  into  the  outer  heavy  spiral. 

Fig.  305.  Fig.  306. 


which  is  just  sufficiently  long  and  rigid  to  keep  the  smaller  spirals 
extended,  and  so  to  make  good  electrical  connection.  This  type 
of  holder  should,  on  account  of  the  small  area  of  contact,  only  be 
used  in  places  subject  to  considerable  vibration,  and  where  with 
other  types  there  would  be  a  risk  of  the  lamp  being  shaken  out  of 
contact. 
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The  top  of  the  lamp  shown  in  fig.  306  is  provided  with  an 
insulated  brass  collar  fixed  with  cement,  the  filament  being  con- 
nected  to    the    two    brass  segments  embedded  in  the  cement. 
The  collar  has  two  small  pins,  which  fit  into  the  *  bayonet  joint ' 
holder  shown  in  the  figure.     There  are 
many  varieties  of  this  type  of  holder,  but 
a  sectional  view  of  one  of  the  best— that 
made  by  the  Edison  and  Swan  Company 
— is  given  in  fig.  307.    A  perspective  view 
of  the  electrical  portion  of  the  holder  is 
also  given  in  ^%,  308.  This  partis  mounted 
on  a  circular  porcelain  base  held  in  the 
position  shown  in  fig.  307  by  a  series  of 
brass  collars.     Two  holes  (only  one  is 
shown  in  the  section)  are  made  in  the 
base,  and  through  each  hole  a  connecting 
wire  is  passed,  and  clamped  into  a  small 
brass  contact  block  by  means  of  a  set 
screw.     This  block  is  an  extension  of  a  small  socket,  which  carries 
a  brass  spiral  spring,  the  lower  end  of  which  presses  against  a 
brass  plunger  and  strives  to  keep  it  out  as  far  as  it  will  go,  a  small 
flange  on  its  base  preventing  it  from  being  wholly  ejected.     The 
two  plungers,  with  their  sockets,  &c.,  are  clearly  shown  in  fig.  308. 
Fig.  308.  In  twisting  the  lamp  into  the  holder  the  seg- 

ments  make   rubbing    contact   with   the   two 
plungers,  and   the  lamp  is   thus  thrown   into 
circuit  by  the  mere  act  of  fixing  it  in  the  holder : 
but  as   the   free   ends  of    the    plungers    are 
rounded,  the  contact  between  them  and  the 
brass  segments  in  the  lamp  is  small  and  very 
much  circumscribed  in  area,  it  may  almost  be 
called  a  point-contact.    This  is  a  certain  source 
of  heat  and  consequent  loss  of  energy,  and  the  limited  areas  of  the 
various  contact  surfaces  in  this  form  of  holder  render  it  altogether 
unsuitable  for  high  candle-power  lamps — that  is  to  say,  for  lamps 
taking  a  heavy  current.     It  is,  nevertheless,  the  favourite  type  for 
general  work,  and  it  is  usually  of  much  better  manufacture  and 
mechanical  finish  than  its  more  frequent  competitor,  the  Edison 
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*  screw '  holder,  which  is  illustrated  in  fig.  309.     In  this  case  one 
end  of  the  lamp  filament  is  connected  to  the  coarse  screw  thread 
stamped  out  of  thin  sheet  brass  and  set  in  plaster,  and  the  other 
end  to  the  insulated  brass  stud  projecting  from  the  bottom  of  the 
lamp.     This  affords   another   means   of  throwing   the   lamp   in 
circuit  by  the  act  of  placing  it  in  its  holder,  which  is  provided 
with  a  corresponding  brass  screw  thread  and  a  small  brass  disc 
mounted  on  a  stiff  insulated  spring,  which 
maintains  contact  with   the  stud  on  the 
lamp.     The  screw-thread  and  stud  in  the 
holder  are  electrically  connected  with  a 
pair  of  set-screws  fitted  in  the  body  of  the 
holder,  and  to  which  the  external  wires  are 
attached.     With  good  workmanship  and 
substantial  metal  fittings,  instead  of  the 
flimsy   stampings  usually  employed,  this 
should  be  a  most  efficient  holder.     It  is 
often  noticed  that  although  the  lamp  when 
first   screwed   into  the   cold   holder  fits 
tightly,  it  is  found  to  be  very  loose  after 
the  current  has  been  passed  through  the 
lamp  for  some  little  time,  and  that  it  is 
then   possible  to  give  the  lamp  another 
half  turn  or  even  more.     This  is  probably 
due  to  the  relatively  greater  expansion  of 
the  holder  than  of  the  lamp  collar.     On 
cooling  the  lamp  does  not  again  recede,  but 
is  simply  held  more  firmly  in  the  holder, 
so  that  there  is  no  need  to  fear  from  this 
cause  a  recurrence  of  the  bad  contact. 
There  is  another  source  of  trouble  with 

this  type  of  holder.  In  fig.  310  is  illustrated  (full  size)  the  porce- 
lain ring  which  serves  the  double  purpose  of  insulating  the  brass 
screw  thread  from  the  rest  of  the  holder  and  of  helping  to  keep 
the  lamp  in  position.  This  porcelain  ring  frequently  breaks,  more 
especially  under  bad  usage,  and  short  circuits  have  often  been 
established  in  consequence. 

Lamp-holders  are   sometimes   provided  with   small  switches 
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for  making  and  breaking  the  lamp  circuit,  the  switch  action  being 
generally  controlled  by  a  tap-handle  similar  to  those  used  for  gas- 
burners.  In  the  Edison  holder  or  socket  (fig.  309),  the  tap 
carries  a  cam,  which  works  against  the  small  brass  plate,  which  is 
pressed  against  the  stud  on  the  bottom  of  the  lamp.  It  releases 
with  a  snap  action.  Socket  switches  are,  however,  very  unsatis- 
factory, and  easily  get  out  of  order.  The  great  defect  is  in  their 
mechanical  design,  and  the  difficulties  in  the  way  are  considerable. 
This  will  perhaps  be  evident  when  the  smallness  of  the  parts  and 
the  comparatively  high  temperature  to  which  the  holder  is  raised 
are  taken  into  consideration.  Switches  are,  however,  more  gene- 
rally independent,  and  fixed  in  convenient  positions  on  rhe  walls, 

&c.,and  one  or  two  forms  of  them  will 
^'°'  ^'^  be  described  in  the  following  chapter. 

Incandescent  lamps  can  be  made 
to  yield  any  required  degree  of  illu- 
mination, from  a  fraction  of  a  candle- 
power  up  to  as  much  as   1,000  or 
even  2,000  candle-power,  and  as  the 
bulb  and  filament  can  be  made  in 
almost  any  shape,  it  is  only  natural 
that  there  should  be  a  great  variety  of  types  designed  for  corre- 
spondingly varied  purposes.   For  ordinary  lighting  purposes  lamps 
of  8,  16,  or  32  candle-power  are  the  sizes  most  generally  adopted. 
For  lamps  of  higher  candle-power  exceptional  care  has  to  be  taken 
to  ensure  sufficiently  good  electrical  connection  between  the  lamp 
and  its  holder.     Usually  a  modified  form  of  the  method  illus- 
trated in  fig.  305  is  employed,  the  essential  difference  being  that 
substantial  wires  are  attached  to  the  platinum  of  the  lamp,  and 
then  securely  clamped  in  solid  brass  lugs  on  the  under  side  of  the 
holder.     In  large  lamps,  such  as  those  of  500  candle-power,  there 
are  frequently  a  number  of  filaments,  say  five,  each  of  100  car\dle- 
power,  joined  in  parallel.     In  the  event  of  one  breaking,  the  lamp 
is  still  of  service,  and,  although  its  illuminating  power  is  reduced, 
the  electrical  power  absorbed  is  reduced  in  a  corresponding  degree, 
I^mps  with  long  filaments,  such  as  the  iio-volt  16  candle-power 
lamp,  should  not  be  placed  in  a  fitting  where  the  filament  would 
lie  horizontally,  or  incline  at  an  angle  of  45°  or  less  with  the 
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horizontal,  because  of  the  tendency  manifested  by  the  filament  to 
bend  over  towards  the  vertical  position.  Eventually  a  filament  so 
placed  comes  into  contact  with  the  glass,  and  breaks.  This  tendency 
is,  of  course,  a  maximum  where  the  plane  of  the  filament  is  hori- 
zontal. The  Edison  &  Swan  Company  manufacture  a  lamp  which 
meets  this  difficulty  admirably.  The  lamp  contains  two  com- 
paratively short  filaments  joined  in  series.  In  a  16  candle-power 
loo-volt  lamp,  for  instance,  there  would  be  two  8  candle-power 
50-volt  filaments,  of  the  simple  U  shape,  fixed  in  the  lamp  so  that 
their  planes  are  parallel.  The  absence  of  the  double  loop  and 
the  shortness  of  the  filaments  render  it  all  but  impossible  for  the 
carbons  to  come  into  contact  with  one  another  or  with  the  glass. 

The  Mife'  of  an  incandescent  lamp,  or  the  number  of  hours 
that  it  can  maintain  illumination,  varies  considerably.  Some  fila- 
ments fracture  in  a  few  hours,  while  others  will  last  for  years,  and 
we  have  seen  one  which,  after  burning  steadily  for  at  least  8,000 
hours,  was  still  giving  a  good  light.  It  will  be  obvious  that  the 
life  of  the  filament  depends  in  a  great  measure  upon  the  strength 
of  the  current  which  is  sent  through  it.  If  a  comparatively  feeble 
current  is  employed,  the  lamp  will  last  much  longer  than  it  would 
with  an  abnormally  powerful  one.  On  the  other  hand,  the  lumi- 
nosity increases  much  more  rapidly  than  the  current  strength,  so  that 
the  question  really  resolves  itself  into  one  of  comparative  expense. 
A  lamp  that  is  burning  low  yields  a  much  lower  *  efficiency  '  but 
lasts  longer  than  one  of  the  same  type  which  is  brilliantly 
luminous;  but  it  may  be  accepted,  generally,  that  it  is  more 
economical  to  run  lamps  at  a  high  than  at  a  low  efficiency.  There 
are  many  lamps  which  last  for  several  years,  but  which  on  account 
of  their  rapid  fall  in  efficiency  should  be  regarded  as  useless  after 
only  a  few  months'  use.  The  vacuum  for  some  reason  or  other 
deteriorates  more  or  less  in  the  course  of  time,  while  the  carbon 
filament  gradually  becomes  smaller  and  smaller,  and  the  glass 
bulb  rapidly  diminishes  in  its  transparency  ;  and  these  are  points 
which  demand  far  greater  attention  than  the  substitution  of  some 
new  material  for  the  platinum  leading  in  wires. 

The  efficiency  of  a  lamp  is  frequently  described  as  being 
proportional  to  the  watts  per  candle-power — that  is  to  say,  to  the 
ratio  of  the  power  absorbed  to  the  light  emitted— but  it  may 


Digitized 


by  Google 


650 


Electrical  Engineering 


be  more  correctly  referred  to  as  the  ratio  of  the  light  emitted  to 
the  power  absorbed — that  is  say, 

Efficiency=candle.power  per  watt=^"*^l^-P°^^'"  "^^^^^ 

watts  absorbed 

The  manufacturers  claim  that  the  best  lamps  in  general  use  for 

ordinary  lighting  purposes  absorb  when  run  on  a  circuit  of  specified 

Fig.  311. 


0-0 
8'6 
80 
7'S 

^7.0 

0 
0. 

ui  6-5 
560 
^5-5 
?50 
14.5 
40 

3  0^ 
2  5 

J 

rk 

/ 

/ 

J 

/ 

y 

/ 

/ 

/ 

> 

/ 

^ 

0 

/ 

^ 

y 

f 

^ 

^ 

i 

/ 

^ 

/ 

^ 

W*" 

re 

S 

^ 

■^ 

-^H- 

^ 

w 

r^ 

V 

'- 

100    200   eSOO   400    600  '600    700    800    800   JOOO 

Time    »n    Hours 

voltage  3^  watts  per  candle-power,  so  that  the  efficiency  would 

be  represented  by— -=o'2857.     This  is  about  true  for  a  new 

lamp,  but  after  it  has  been  running  for  a  very  short  time  there  is 
frequently  a  decided  falling  off  in  the  efficiency,  and  it  is  a  good 
lamp  which  absorbs  then  only  3I  watts  per  candle,  or  which  has 

an  efficiency  of  =0*266.      Numerous  experiments  bearing 

375 
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upon  this  point  have  been  performed,  but  on  account  of  the  manu- 
facture in  England  having  been  for  so  long  in  the  hands  of  one 
company,  the  majority  of  the  experiments  have  been  made  abroad. 
Some  important  tests  have  been  made  by  M.  Ch.  Haubtmann 
with  our  Edison-Swan  lamps,  and  with  several  of  the  more  im- 
portant continental  types.  The  lamps  were  of  16  candle-power, 
and  made  to  run  at  a  pressure  of  102  volts.  We  have  selected  a 
few  of  the  results,  which  are  tabulated  below  : — 


Type  of  lamp 

No.  of 
lamps 
under 
test 

Hours 

Candle- 
power 

Amperes 

Waits  per 
effective 
candle 

La  Fran9aise 

10 

0 

15-02 

0-44 

2-98 

10 

250 

lO'OO 

0-43 

4-38 

(A) 

9 

500 

7-OI 

0-43 

6-25 

7 

750 

6-40 

0-43 

7-30 

7 

1,000 

5x>8 

0-43 

8-70 

Gabriel       .... 

10 

0 

i8-oo 

0-63 

3-57 

10 

250 

16-54 

062 

3-8i 

.        (B) 

10 

500 

1600 

0-62 

3-95 

9 

750 

15-40 

o-6i 

404 

9 

1,000 

i4-9« 

o-6i 

4-i6 

Edison-Swan 

10 

0 

i8-4 

0-590 

3*27 

10 

250 

17*5 

0*590 

3 -43 

(c) 

9 

500 

i6-o 

0-585 

373 

8 

750 

14-6 

0-580 

4-05 

8 

1,000 

I3'9 

0-580 

4-40 

Allgemeine  Elektricitats  Ge- 

10 

0 

15-0 

0-490 

3*33 

sellschaft 

10 

250 

13-3 

0-485 

3-64 

9 

500 

ii-o 

0485 

4-48 

(D) 

9 

750 

97 

0-485 

5-IO 

8 

I'OOO 

8-8 

0-485 

5-61 

It  will  be  noticed  that  in  every  case  the  test  was  commenced 
with  ten  lamps,  and  that  some  of  every  batch  broke  down  before 
the  expiration  of  the  1,000  hours. 

The  curves  which  we  have  constructed  (fig.  311)  from  this 
table  shows  in  a  very  marked  manner  the  way  in  which  the  watts 
per  candle  rise  as  the  time  progresses,  and  it  will  be  noticed  that 
the  English  Edison-Swan  lamp  came  out,  on  the  average,  as 
decidedly  the  most  profitable  lamp,  while  the  lamps  which 
started  at  the  highest  efficiency  were  after  burning  200  hours  by 
far  the  most  unprofitable. 

Of  course,  tests  taken  with  only  a  few  lamps  cannot  be  accepted 
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as  altogether  conclusive ;  for,  owing  to  the  unavoidable  variation  in 
the  durability  of  the  filaments,  one  batch  may  give  much  better 
results  than  another,  and  one  portion  of  a  single  batch  may  prove 
superior  to  the  remainder  of  the  same  batch.  The  very  fact  that 
in  no  case  did  the  whole  ten  of  any  single  batch  tested  by  M. 
Haubtmann  last  throughout  the  period  of  i,ooo  hours,  while,  on 
the  other  hand,  not  a  single  batch  was  entirely  destroyed  in  that 
period,  demonstrates  the  necessity  for  a  prolonged  test  of  a  very 
large  number  of  lamps.     Moreover,  to  be  of  any  real  utility  the 

Fig.  31a. 
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lamps  should  be  submitted  to  the  same  usage  as  that  which  they 
suffer  in  an  ordinary  installation,  where  the  periods  of  lighting  are 
intermittent  and  the  voltage  within  certain  limits  variable. 

There  are  several  kinds  of  lamps  in  use  which  in  their  early  days 
absorb  only  2\  watts  per  candle-power,  but  experience  shows,  so 
far,  that  such  lamps  have  a  much  shorter  life  than  those  which 
are  run  at  a  lower  efficiency ;  the  transparency  of  the  bulb  rapidly 
deteriorates,  while  the  filament  loses  in  luminosity  and  soon  breaks 
down  altogether. 

A  long  series  of  experiments  was  made  by  Mr.  Clarence  P. 
Feldmann  in  1892.     He  used  an  alternating  current  with  50 
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alternations  per  second  and  a  pressure  of  72  volts.  He  tested 
106  16  candle-power  lamps  of  twenty-one  different  makes.  The 
results  obtained  with  Khotinsky  lamps  show  the  characteristic 
features  of  well-made  Mow  watt'  or  high- efficiency  lamps. 
There  were  in  all  18  lamps,  which  he  divided  into  three  groups, 
according  to  their  initial  efficiency  : 

Group  A  :  lamps  giving  20 '9  candles  and  taking  172  watts  per  candle. 
„      B :  „  16-66       ,,  „         276        ,,  „ 

„      C:  „  160         „  ,,         332        „  „ 

The  curves  a,  b,  and  c  in  figs.  312  and  313  show  respectively 
the  decrease  in  candle-power  and  the  increase  in  watts  per  candle 

Fig.  313. 
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for  the  respective  groups.    The  following  is  a  list  of  the  casualties 
during  the  test  of  these  lamps  : 

Group  A 
2  lamps  were  broken  after  16  hours       i  lamp  was  broken  after  246    hours 
I  lamp  was  ,,         „      45     >»  ^         >»  »»  »»     3^2      „ 

I  „  „         »     130    i»       ,    I         >»  »»  ».      370      „ 


176 


1,130 


Groups 
I  lamp  was  broken  after  no  hours    I  i  lamp  was  broken  after  281    hours 
I  „  „         I,     212     „  I         ,,  „  „     400      „ 

I  „  „         „     246     „  I         „  ,,  „  1,080      „ 

Group  C 
I  lamp  was  broken  after  370  hours  |   2  lamps  lived  still  after  1,500  hours. 
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It  is  thus  shown  that  while  some  of  the  lamps  of  an  initially 
high  efficiency  may  last  for  a  considerable  time,  the  average  life 
is  short,  and  that  they  one  and  all  deteriorate  in  luminosity  and 
efficiency  so  rapidly  that  before  200  hours  have  elapsed  they 
become  inferior  to  the  lower  efficiency  lamps  of  group  c.  It  will 
be  observed  that  the  luminosity  of  group  a  fell  50  per  cent  in 
no  hours,  of  group  b  in  325  hours,  and  of  group  c  in  1050  hours. 

The  results  of  the  other  tests  showed  that  the  above  properties 
were  common  to  all  well-made  lamps. 

Mr.  Feldmann  has  also  constructed  the  following  very  instruc- 
tive table  based,  in  addition  to  his  own  experiments,  on  M. 
Haubtmann's  and  several  other  prolonged  tests  : — 

Table  shewing  the  Average  Candle  Power  and  Efficiency  of  Modem 
Incandescent  Lamps  at  different  periods  of  their  lives 


Initial  con- 

sumption 2'0- 

a'5-3'o  Mratts 

3-0-3-5  ^-atts 

3'5-4*o  watts 

More  than  4*0 

3'5  watts 

per  c.p. 

per 

cp. 

per 

cp. 

watu  per  cpc 

'    Time 

percp. 

in 

A 

B 

C 

D 

E 

C.P. 

Watts 

C.P.     Watts 

C.P. 

'  Watts 

CP. 

Watts 

C.P.    1  Watts 

in  per 

per 

in  per   i     per 

in  per 

per 

in  per 

per 

iaper        per 

cent. 

c.p. 

cent,    j     cp. 

cent. 

cp. 

cent. 

i    "^ 

«nu 

cp. 

0 

r 
100    .    2-4 

100          29 

ICX) 

3-3 

100 

'   3-8 

ICX) 

45 

100 

84        2-8 

93    ;    3-0 

95 

3-4 

96 

4-1 

96 

^■7            1 

200 

70        3*3 

f5 

3*3 

2i 

35 

91 

4-3 

92 

4*9           1 

300 

59    1    37 

81 

3-5 

^ 

3-6 

86 

4-5 

87 

5*2 

400 

53        ^*? 

76         3-8 

84 

37 

81 

47 

82 

5*4 

500 

48        4*6 

71 

4-0 

7? 

3  9 

71 

5-0 

75 

58           1 

600 

45        4-8 

67 

4-2 

76 

4-1 

73 

5-3 

72 

6-1            ' 

700 

41     !    5-2 

64 

4*4 

72 

4*2 

69 

5-6 

68 

6-4 

800 

39 

5-3 

62 

47 

69 

4*4 

66 

5  9 

65 

6-8 

900 

38 

5*5 

59 

5-0 

67 

47 

63 

61 

62 

6*9 

1000 

37 

57 

56 

5*3 

64 

5-0 

60 

6-3 

60 

7-0 

IICX) 

36 

5 '7 

53 

6-0    t 

62 

5-4 

58 

6-5 

58 

71            1 

1200 

35 

5-8 

50 

6-3 

59 

5-6 

56 

67 

56    _    71           1 

The  table  contains  mean  values  for  upwards  of  500  lamps 
made  in  twenty-eight  different  factories,  and  the  values  given  are 
plotted  down  in  figs.  ^14  and  315.  It  is  interesting  to  note  that 
the  lamps  in  column  e,  and  curves  e,  which  were  of  American 
manufacture  and  which  have  an  efficiency  of  only  0*22,  were  less 
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constant  in  luminosity  than  the  lamps  in  c  and  d,  having  initial 
efficiencies  of  0*3  and  0*26  respectively. 
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We  might  also  add  the  results  of  a  large  number  of  other 
tests,  but  they  are  all  in  the  main  confirmatory  in  demonstrating 
that  after  about  the  first  200  hours  running  there  is  with  high- 
efficiency  lamps  a  rapid  falling  off  in  the  luminosity  accompanied 


Fig.  315. 
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by  a  diminution  in  efficiency,  facts  which  the  student  cannot  have 
failed  to  observe  by  even  the  most  cursory  review  of  the  figures 
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and  curves.  It  will  also  be  observed  that  the  durability  and 
efficiency  of  the  lamps  operated  by  an  alternating  current  as 
shown  in  Mr.  Feldmann's  experiments  correspond  fairly  well  with 
those  of  M.  Haubtmann,  who  employed  a  direct  current  for  the 
purpose  of  his  test. 

In  England  the  potential  difference  ordinarily  supplied  is  100 
volts,  the  lamps  in  general  use  being  run  at  from  4  to  5  watts  per 
candle.  This  might  appear  to  be  an  extravagant  practice,  but  the 
filaments  of  8  and  16  candle-power  lamps  are  for  this  voltage 
undoubtedly  very  fine,  and  it  has  been  pointed  out  that  to  run  the 
lamps  at  3  watts  per  candle  it  would  be  necessary  to  reduce  the 
size  of  the  filament  so  as  to  produce  a  decrease  of  illuminating 
surface  to  the  extent  of  about  60  per  cent.  As  we  have  already 
seen,  very  fine  filaments  are  less  durable  than  the  more  substantial 
ones,  and  it  is  therefore  undesirable  to  push  the  incandescence 
too  far — that  is  to  say,  to  run  the  lamps  at  a  high  luminosity  and 
therefore  at  an  abnormally  high  efficiency.  When  this  is  done 
the  saving  in  current  may  be  more  than  counterbalanced  by  the 
destruction  of  the  lamps. 

The  reduced  transparency  of  the  bulb  to  which  we  have 
already  referred  arises  from  a  deposit  of  carbon  upon  the  inner 
surface  of  the  glass.  This  deposit  increases  with  age,  and  is  ascribed 
to  a  variety  of  causes. 

The  deposit  on  the  glass  not  only  reduces  the  transparency  of 
the  bulb,  but  it  also  involves  a  reduced  section  of  the  filament, 
the  resistance  of  which  is  thereby  increased.  Such  an  increase 
in  resistance  means  a  feebler  current  and  a  much  feebler  state  of 
incandescence.  We  thus  see  that  much  less  light  is  emitted  by 
the  carbon,  and  that  of  this  light  a  larger  proportion  is  absorbed 
by  the  blackened  bulb  than  would  be  the  case  with  a  clean  one 
The  smaller  current  passing  through  the  filament  would,  under 
ordinary  circumstances,  give  a  proportionally  smaller  reading  at 
the  meter,  but  sometimes  the  current  taken  by  an  old  lamp  is 
actually  stronger  than  that  taken  by  a  new  one. 

Among  the  many  experiments  we  have  performed,  the  follow- 
ing are  of  considerable  interest.  Two  16  candle-power  lamps 
were  taken,  one  of  them  quite  new,  and  the  other  an  old  one 
which  we  had  been   burning   every  evening,  from  sunset  until 
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about  II  P.M.,  from  December  1891  to  March  1893.    ^o*^  lamps 
were  made  for  no- volt  circuits,  and  the  tests  were  as  follows  : 


Volu       Ampere     Watts     ^»^J«  i^'^S"" '  ^^«      Efficiency 
I  '    cold 


New  Lamp    .       108*25      0'5'     56*20  j  16*20     212*25      35'        0*288 
Old  Lamp     .       108*25      0*56!  61 -62'    9*73      193*30      405    '    0*141 


The  inner  surface  of  the  bulb  of  the  old  lamp  was  very  black, 
and  there  was  a  heavy  deposit  on  the  glass  between  the  leading-in 
wires.  There  were  thus  two  parallel  paths  through  the  lamp,  one 
through  the  filament  and  the  other  through  the  deposit.  Not- 
withstanding, therefore,  the  increased  resistance  owing  to  the 
diminishedcross-sectionof  the  filament  itself,  the  resistance  between 
the  lamp  terminals  was  less  when  hot  than  that  measured  with  the 
new  lamp.  The  increased  current,  coupled  with  the  diminished 
luminosity,  reduced  the  efficiency  of  the  lamp  more  than  50  per 
cent.  A  deposit  such  as  we  have  here  described  is  not  often  seen, 
the  film  being  generally  distributed  over  the  more  central  positions 
of  the  bulb.  Subsequently  the  old  lamp  was  subjected  to  a 
potential  difference  of  160  volts,  and  after  two  minutes  of  intensely 
brilliant  illumination  an  arc  was  established  across  the  deposit 
between  the  leading-in  wires,  the  bulb  broke  round  the  neck,  and 
the  filament  fell  away  intact.  A  portion  of  the  reduction  in  the 
candle-power  of  the  old  lamp  was  thus  due  to  the  blackening  of 
the  bulb  and  the  shunting  effect,  and  the  remainder  to  the  reduced 
area  of  the  carbon  ;  for,  as  the  resistance  of  the  filament  was  in- 
creased, the  current  passing  through  it  was  proportionally  reduced, 
and,  as  the  heat  varies  with  the  square  of  the  current,  there  is  a 
rapidly  increasing  diminution  in  the  light  when  the  current  falls. 

During  some  American  tests  made  by  Professor  Thomas,  it 
was  remarked  that  those  lamps  which  were  least  blackened  were  of 
the  makes  which  were  advertised  as  exhausted  by  mechanical 
pumps,  as  opposed  to  the  prevalent  practice  of  completing  the 
exhaustion  by  means  of  mercury  pumps.  All  these  lamps  were 
very  much  alike  in  blackening,  and  only  one-half  as  much 
blackened  as  the  least  blackened  of  the  mercurially  exhausted 
lamps  ;  and  it  has  been  contested  that  a  considerable  percentage 
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of  the  blackening  in  the  latter  case  is  due  in  some  mysterious  way 
to  the  condensation  of  the  minute  amount  of  mercury  vapour 
assumed  to  be  left  in  the  bulb  on  its  removal  from  the  pump. 
But  it  is  very  doubtful  whether  a  sufficiency  of  mercury  is  present, 
and,  even  were  it  so,  it  is  questionable  whether  it  would  be  com- 
petent to  form  a  black  film.  It  is  certainly  not  established  that 
the  relative  freedom  from  blackening  in  the  mechanically  exhausted 
lamps  is  due  to  the  absence  of  mercury  vapour  in  the  lamps,  as 
the  makers  claim,  although  if  investigation  should  establish  the 
claim  the  importance  of  the  discovery  can  scarcely  be  over- 
estimated. 

It  has  been  suggested  that  the  deposit  is  due  to  the  dis- 
integration of  the  filament,  and  the  collection  of  the  carbon  par- 
ticles upon  the  surface  of  the  glass.  It  is  a  very  interesting  feature 
that  the  deposit  is  not  uniform,  but  is  usually  of  greater  density 
in  the  vicinity  of  the  filament,  as  though  the  particles  were  repelled 
in  straight  lines  on  to  the  glass. 

But  it  is  difficult  to  satisfactorily  account  for  the  blackening 
on  the  hypothesis  that  by  a  species  of  molecular  repulsion  under 
the  influence  of  the  passing  current,  the  carbon  particles  are 
expelled  from  the  surface,  and  with  sufficient  force  to  drive  them 
straight  on  to  the  glass.  It  is  possible  that  during  the  process  of 
flashing  the  somewhat  dense  and  homogeneous  incrustation  of 
carbon  which  is  deposited  on  the  filament  may  imprison  a 
number  of  atmospheric  or  other  gaseous  particles,  which,  on 
the  passage  of  the  current,  become  heated,  and,  finding  no  room 
for  their  natural  expansion,  make  a  vent  by  driving  off  the  de- 
posited carbon  in  a  sort  of  miniature  explosion,  which  has  suffi- 
cient force  to  carry  the  disintegrated  particles  as  far  as  the  glass. 
It  has,  however,  been  observed  that  lamps  made  with  filaments 
which  have  been  carbonised  at  a  comparatively  low  temperature 
blacken  very  readily,  whilst  when  made  with  others  which  ha\x^ 
been  raised  to  a  very  high  temperature  they  resist  the  tendency 
very  much  more  eflectually.  This  is  probably  due  to  the  fact 
that  the  filament  carbonised  at  a  high  temperature  is  purer  and 
more  dense  than  those  which  have  rtot  been  heated  so  intensely. 
The  same  results  have  also  been  observed  to  occur  in  lamps  when 
low  or   high   temperature  flashing   has   been  employed.     Thcsc 
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facts  tend  to  prove  that  the  blackening  is  due  to  a  partial 
volatilisation  and  re- condensation  of  the  carbon  particles.  Cer- 
tainly the  temperature  of  the  incandescent  filament— about  2,000° 
C. — is  lower  than  that  already  ascribed  to  the  positive  carbon  in 
the  arc  ;  but  this  discrepancy  may  to  some  extent  be  very  plausibly 
accounted  for  by  the  fact  that  in  the  incandescent  lamp  there  is 
no  air  pressure,  and  that  this  absence  of  pressure  may  lower  the 
temperature  of  volatilisation,  just  as  an  increased  air-pressure  on 
the  arc  so  alters  the  condition  of  affairs  that  a  much  higher  e.m.f. 
becomes  necessary  in  order  to  maintain  the  arc  consequent  upon 
the  increased  temperature  of  volatilisation.  If  this  be  the  true 
explanation  of  the  blackening  phenomenon,  it  follows  that  the 
difference  in  degree  between  the  filaments  prepared  at  low  and 
high  temperatures  respectively,  must  arise  solely  from  the  cir- 
cumstance that  a  comparatively  loose  condition  of  the  carbon  is 
especially  favourable  to  the  formation  of  carbon  vapour.  On  the 
other  hand,  we  can  conceive  that  the  readiness  with  which  a 
filament  could  be  disintegrated,  or  could  suffer  loss  by  the 
chemical  action  of  some  impurity  remaining  in  the  lamp,  would 
vary  inversely  as  its  density.  The  film,  by  whatever  process  it 
may  be  formed,  is  apparently  pure  carbon,  as  it  is  a  suflSciently 
good  conductor  to  take  a  continuous  coating  of  copper  when 
placed  in  an  electrolytic  bath. 

If  the  blackening  of  the  bulb  were  due  to  the  simple  breaking 
away  of  the  carbon  particles,  then  we  might  imagine  that  the 
durability  of  the  lamp  would  be  materially  less  on  an  alternating 
than  on  a  direct  current  circuit,  because  of  the  constantly  varying 
conditions  to  which  the  filament  would  be  subjected.  But  the 
tests  to  which  we  have  already  referred  tend  to  show  that  a  lamp  on 
an  alternating  circuit  is  as  eflficient  and  durable  as  when  placed  in 
a  direct  current  circuit,  and  the  fact  that  it  only  blackens  at  about 
the  same  rate  tends  rather  to  demonstrate  that  the  loss  of  carbon 
by  the  filament  must  be  ascribed  to  volatilisation. 

The  coating  deposited  by  a  given  filament  on  a  large  bulb 
would,  in  a  given  time,  be  less  dense  than  on  a  smaller  bulb, 
because  a  given  number  of  particles  would  be  deposited  over  a 
larger  area,  but  it  is  questionable  whether  this  would  affect  the 
luminosity.    The  filament  gives  out  a  definite  number  of  luminous 
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rays,  which  are  more  or  less  intercepted  by  a  definite  number  of 
carbon  particles,  and  the  total  absorption  would  probably  be  the 
same  whether  the  film  be  large  and  thin  or  small  and  dense. 

To  show  the  effect  of  the  carbon  film,  an  experiment  is  recorded 
in  which  an  old  filament  was  removed  from  its  bulb  and  trans- 
ferred to  a  new  one,  when  the  light  emitted  and  measured  under 
similar  conditions,  showed  an  increase  of  15  per  cent.  In  this 
case,  however,  the  degree  of  exhaustion  may  have  been,  and  pro- 
bably was,  different,  and  it  is  difficult  to  guarantee  absolutely 
uniform  transparency  in  a  number  of  bulbs,  so  that  the  im- 
portance of  a  test  of  this  kind  might  easily  be  over-estimated. 

It  was  for  a  long  time  erroneously  supposed  that  the  great 
object  to  be  aimed  at  in  making  an  incandescent  lamp,  was  to 
make  its  *  life ' — that  is  to  say,  the  period  during  which  it  could  emit 
light — as  long  as  possible.  The  tables  and  curves  already  given 
will  doubtless  have  made  it  evident  that  the  continued  efficiency 
of  a  lamp  is  of  far  greater  importance  than  its  life,  even  when 
the  price  of  the  lamp  is  high. 

M.  Andr^  Larnaude,  as  the  result  of  tests  carried  out  in  the 
laboratory  of  the  Compagnie  Gdndrale  des  Lampes  Incandescentes, 
estimates  that  the  life  of  a  lamp  increases  much  more  rapidly 
than  its  efficiency  decreases,  and  concludes  that  lamps  run  so  as 

to  absorb 

2*5  watts  per  candle,  last  for     150  hours 

3'0        »»  »»  .»         350     ». 

3'S         M  M  »»         700     „ 

4-0        ,,  ,,  ,,       1,000     ,, 

Very  different  figures  are,  however,  given  by  Messrs.  Siemens  and 
Halske,  of  Berlin,  whose  experiments  tend  to  show  the  following 
to  be  the  duration  of  16  candle-power  lamps  : 

I  *5  watts  per  candle,  last  for       45  hours 
2-0        ,,  ,,  „  200     ,, 

2*5  ..  ».  ..  450      M 

3*o        M  .»  M      »»«»     „ 

3*5        M  „  „      1,000    „ 

When    incandescent    lamps  ar^    being  run   on   a  constant 
potential  circuit — that  is,  when  they  are  joined  across  the  mains  ic 
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parallel — their  resistances,  if  they  are  all  of  the  same  caridle-power 
and  efficiency,  must  be  uniform,  so  that  they  will  take  the  same 
current  strength  ;  but  if  lamps  of  different  candle-power  are  to 
be  employed  on  such  a  circuit,  then  their  resistances  must  vary 
inversely  as  the  currents  they  are  to  carry,  that  is  to  say,  inversely 
as  their  required  candle-power.  For  example,  an  eight  candle- 
power  lamp  should  require  only  half  the  expenditure  of  electrical 
energy  that  should  be  necessary  with  a  i6  candle-power  lamp. 
Now  the  electrical  power  expended  in  a  lamp  (or  the  number 
of  watts)  is  proportional  to  the  potential  difference  multiplied 
by  the  current  strength.  If,  therefore,  we  represent  the  electrical 
power  in  watts  by  w,  the  pressure  in  volts  by  e,  and  the  current 
in  amperes  by  c,  then  w  =  eg.  But  e  is  constant,  therefore  if  w 
for  a  1 6  candle-power  lamp  is  twice  as  much  as  for  an  8  candle- 
power  lamp,  R  in  the  former  case  must  be  half  as  much  as  in 
the  latter.  Let  us  suppose  that  we  have  a  loo-volt  circuit,  and 
that  a  i6  candle-power  lamp  takes  6o  watts,  also  that  an  8  candle- 
power  lamp  takes  30  watts,  then  for  the  former 

w  =  EC 
=  60  =  100  X  06 

and  for  the  smaller  lamp, 

W==     EC 

=  30  =  100  X  o*3 

E 

But  by  Ohm's   law,  R  =    ,  and   for  the  16  candle-power  lamp 

E       100         ,^     V 
R  =     =  -  --  =  166  ohms, 
c       -6 

Similarly  for  the  8  candle-power  lamp 

E      100  , 

R  =  -  =  -  -  =  333  ohms. 

The  obvious  meaning  of  this  is  that,  for  a  given  voltage  and 
for  a  given  make  and  length  of  filament,  the  higher  the  illuminating 
power  which  a  lamp  is  required  to  yield  the  thicker  must  the 
filament  be.  If  the  filament  suitable  for  a  16  candle-power  lamp 
on  a  circuit  of  given  voltage  were  halved,  and  the  halves  placed 
in  separate  bulbs,  each  would  give  a  luminosity  of  approximately 
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8  candle-power,  providing  that  the  two  lamps  were  placed  in 
series.  If  one  of  them  were  joined  direct  across  the  mains, 
the  current  that  Would  flow  through  it  would  be  twice  the 
normal  strength,  and  the  filament,  being  unable  to  support 
such  a  current,  would  break.  The  resistance  of  carbon  falls 
somewhat  rapidly  with  an  increase  of  temperature,  so  that  the 
resistance  of  a  i6  candle-power  too- volt  lamp  is  more  than  300 
ohms  when  cold. 

When  we  have  once  established  a  fair  average  efficiency  it 
becomes  a  very  simple  matter  to  estimate  the  amount  of  light 
obtainable  from  a  given  electrical  power,  or,  conversely,  the  power 
that  would  be  required  to  maintain  a  given  number  of  lamps. 
On  the  basis  of  3I  watts  per  candle,  a  16  candle-power  lamp 
taking  60  watts  would  on  a  60-volt  circuit  require  a  current  of 
1  ampere,  and  on  a  loo-volt  circuit  o*6  ampere. 

If  we  have  an  available  potential  difference  of  100  volts  and 
a  current  of  60  amperes,  we  have  a  total  power  of  6,000  watts, 
which— ignoring,  for  the  time  being,  the  resistance  of  the  mains  - 
would  suffice  to  maintain  a  hundred  16  candle-power  lamps,  or  fifty 
32  candle-power  lamps.  Or  if  we  require  to  light  two  hundred  16 
candle-power  lamps  at  100  volts,  then  we  must  provide  a  current  of 
120  amperes.  It  is  almost  unnecessary  to  say  that  every  lamp  is 
made  to  run  at  a  given  or  definite  voltage,  and  that  it  would  be 
quite  impracticable  to  place  the  same  lamp  indifferently  on  a 
50  and  on  a  100  volt  circuit.  The  voltage  that  the  lamp  will 
require  is  determined  by  the  dimensions  of  the  filament,  and 
every  filament  is  so  dimensioned  as  to  yield  its  standard  luminosity 
at  the  highest  temperature  compatible  with  durability,  and  any 
material  increase  upon  that  temperature  would  tend  to  cause 
volatilisation  and  consequent  rupture  of  the  filament.  WTien 
lamps  are  slightly  over-run — that  is  to  say,  when  the  voltage  applied 
is  slightly  above  the  normal  (say  2  volts)  and  when  therefore  the 
current  is  also  abnormally  high — the  increase  in  luminosity  is  con- 
siderable.  If  the  lamp  could  sustain  this,  it  would  of  course  be 
very  advantageous,  but,  as  we  have  already  seen,  the  lamps  would 
under  such  circumstances  soon  give  way. 

A  16  candle-power  lamp  made  for  a  pressure  of  100  wits 
yields  at  95  volts  about  i2|^  candle-power,  and  at  105  volts  about 
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22. \  candle-power,  so  that  the  luminosity  increases  much  faster 
than  the  volts,  and  experiment  appears  to  indicate  that  the  candle- 
power  of  a  given  lamp  varies  roughly  as  the  sixth  power  of  the 
voltage  appUed,  and  as  the  cube  of  the  watts  absorbed.  When 
the  illumination  is  reduced  to  about  one  half  of  its  normal, 
amount,  the  power  absorbed  in  the  filament  is  reduced  by  only 
20  per  cent,  or  thereabouts. 

It  is,  therefore,  a  false  idea  of  economy  to  imagine  that  by 
under-running  an  advantage  will  be  gained.     A  reduction  of  only 
two  volts  makes  itself  very  apparent  in  the  amount  of  light  emitted 
by  the   filament,  and  although  it  will  probably  result  in  a  pro- 
longation of  the  life  of  the  lamp,  the  advantage  thus  accruing  is 
more  than  neutralised  by  the  reduced  eflficiency.     In  such  a  case 
the  luminosity  obtained  will,  even  with  a  new  lamp,  be  at  a  cost 
of  more  than  four  watts  per  candle-power.     Although  there  is  a 
considerable  saving  involved  in  the  prime  cost  of  mains  and  con- 
ductors by  using  high  voltage  lamps,  there  is  a  limit  to  which  this 
saving  can  be  advantageously  carried.     An  8  candle-power  lamp, 
for  instance,  when  constructed  for  a  circuit  of  100  volts,  must  have 
a  very  thin  filament  in  order  that  it  shall  offer  sufficient  resistance 
to  allow  only  30  watts  or  thereabouts  to  be  expended  upon  it — 
that  is  to  say,  to  allow  about  one-third  of  an  ampere  to  flow  through 
it— and  it  should  be  evident  that  with  such  a  thin  filament  the  loss 
of  carbon  would  more  rapidly  involve  a  complete  rupture  than 
when   a   thicker  filament  is  employed.     Where  8  candle-power 
lamps  are  extensively  used,  it  is  therefore  preferable   to  place 
them  on,  say,  a  50-volt  circuit,  or  to  join  two  of  them  in  series 
across  a  pair  of  mains  having  a  potential  diflFerence  of  100  volts. 
It  must  be  remembered  that,  however  large  the  main  conductors 
may  be,  they  must  offer  some  definite  resistance .  to  the  current, 
and  must  therefore  involve,  between  the  machine  and  the  lamps,  a 
certain  loss  of  potential.     Let  us  suppose,  for  example,  that  a 
large  room  at  the  limit  of  the  circuit  takes  a  current  of  50  amperes 
and  that  the  resistance  of  the  conductors  between  the  machine 
and  the  switch  is  0*04  ohm,  then  the  loss  of  potential  in  those 
conductors  will  be  e=c  x  r=5o  x  o'04=2  volts.     Hence  a  lamp 
on  the  dynamo  itself  would  be  run  at  a  potential  difference  of,  say, 
112  volts,  while  a  lamp  in  the  distant  room  would  have  only  no 
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volts.  It  is  the  practic  in  good  installations  to  allow  a  maximum 
fall  of  potential  between  the  dynamo  and  the  farthest  lamp,  when 
all  lamps  are  in  circuit,  of  2  volts.  When  the  wiring  is  improperly 
done,  the  fall  is  frequently  much  higher,  and  we  have  come  across 
many  cases  where  it  is  as  much  as  8  or  even  10  volts.  The  energy 
which  thus  fails  to  reach  the  lamps  is,  of  course,  wasted  in  heat- 
ing the  conductors.  Such  badly  proportioned  mains  are  pre- 
judicial in  another  way.  When  only  a  small  proportion  of  the 
lamps  is  in  use  they  will  receive  almost  the  full  pressure  of  the 
machine,  and  in  cases  where  it  is  the  practice  to  over-run  the 
dynamo  in  order  to  compensate  for  the  loss  in  the  mains,  the  life 
of  the  lamps  may  easily  be  shortened  by  having  too  strong  a  current 
forced  through  them.  The  loss  in  the  mains  is  easily  calculated, 
as  the  fall  of  potential  at  full  load  is  equal  to  the  maximum 
current  multiplied  by  the  resistance,  and  the  power  lost  is  equal  to 
this  fall  of  potential  multiplied  by  the  current. 

Assuming  an  efficiency  of  3*5  watts  per  candle,  it  follows  that 
746  watts,  or  one  electrical  horse-power,  expended  in  the  filaments 
would  produce  a  light  of  213  candle-power,  an  equivalent  to  that 
of  thirteen  16  candle-power  lamps.  But  the  power  developed  by 
the  engine  is  frittered  down  by  the  losses  in  the  dynamo,  the  leads, 
and  the  fittings,  so  that,  in  practice,  not  more  than  ten  16  candle- 
power  lamps  can  be  maintained  for  each  horse-power  developed 
by  the  engine. 

If  we  assume  that  each  lamp  will  be  made  to  last  1,000  hours, 
and  it  will  be  a  long  time  before  the  consumer  can  be  taught  to 
see  the  advantage  of  more  frequent  renewals,  then,  on  a  basis  of 
an  average  of  two  hours  burning  per  day,  the  whole  of  the  lamps 
in  an  installation  would  have  to  be  renewed  at  the  end  of  about 
eighteen  months,  so  that  a  50-lamp  installation  would  cost  nearly 
3/.  per  annum  for  lamps  alone,  and  this  is  an  item  of  sufficient 
importance  to  have  some  considerable  value  in  determining 
whether  or  not  the  light  shall  be  adopted. 

When  a  number  of  ordinary  incandescent  lamps  are  joined  in 
series,  the  fracture  of  the  filament  in  one  lamp  involves  the  ex- 
tinguishing of  the  other  lamp  or  lamps  in  series  with  it  If,  there- 
fore, all  the  lamps  in  a  circuit  were  joined  in  series,  the  failure  of 
one  lamp  would  result  in  a  total  disconnection  of  the  circuit.     The 
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parallel  system  has  many  advantages.  There  is  no  risk  of  receiving 
a  serious  shock  on  touching  the  mains,  as  the  total  potential  dif- 
ference is  only  that  necessary  for  one  lamp,  which  rarely  exceeds 
100  volts  or  thereabouts.  If  one  of  the  branch  leads  should  be- 
come broken,  only  the  lamp  on  that  branch  will  be  thrown 
out  of  use.  The  means  available  for  connecting  the  lamp  to  the 
supply  wires  are  of  the  simplest  description.  The  insulation  of 
the  mains  is  a  matter  of  less  difficulty  than  with  high  potential 
circuits. 

On  the  other  hand,  the  cost  of  the  mains  in  a  large  installa- 
tion is  considerable,  for  massive  conductors  must  be  employed, 
othenvise  their  resistance  would  be  so  high  as  to  cause  a  serious 
waste  of  electrical  energy  in  overcoming  that  resistance.  It  needs 
also  to  be  added  that  the  maintenance  of  a  constant  potential 
difference  throughout  an  extensive  network  of  wires  is  a  matter  of 
some  difficulty,  a  difficulty  which  does  not  attend  series  working. 

Lamps  constructed  for  series  working — that  is  to  say,  on  a 
constant  current  circuit — are  usually  provided  with  low  resistance 
filaments,  designed  to  carry  a  current  of  5  or  10  amperes,  and 
can  therefore  be  joined  up  in  circuit  with  ordinary  arc  lamps. 
Under  some  circumstances  this  is  a  decided  advantage ;  for 
example,  in  cases  where  an  arc  lamp  would  at  certain  hours 
give  more  light  than  is  required  (and  would  then  involve  a  waste 
of  energy),  but  where  total  darkness  is  undesirable,  a  series  in- 
candescent lamp  can  be  joined  with  an  arc  lamp  to  a  '  two-way ' 
switch,  by  turning  which  either  the  arc  or  the  incandescent  lamp 
can  be  thrown  in  circuit  at  will,  both  lamps  being  constructed  to 
take  the  same  current.  Of  course  the  volts,  and  therefore  also 
the  watts,  required  for  the  incandescent  lamp  would  be  consider- 
ably less  than  in  the  case  of  the  arc  lamp.  Again,  when  an 
ordinary  lamp  is  used  in  series  on  a  high  potential  circuit,  a  fracture 
of  the  filament  sets  up  a  small  arc,  which,  being  sustained,  con- 
sumes the  materials  of  the  lamp,  and,  even  if  no  further  damage 
ensues,  it  causes  a  disconnection  of  the  circuit. 

Several  good  series  lamps  have  been  devised,  one  of  the  chief 
difficulties  to  be  met  being  the  provision  of  an  automatic  cut-out 
which  shall  act  promptly  when  the  circuit  through  the  lamp  is 
broken,  and  short-circuit  it.     An  interesting  lamp  constructed  for 
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series  working  is  that  of  Mr.  Alexander  Bernstein.  The  filament 
is  composed  of  a  slender  carbon  tube,  made  by  carbonising  a 
silk  braid  of  fine  texture,  and  it  is  remarkable  that  the  fine 
threads  composing  the  braid  are  distinctly  discernible  in  the 
finished  filament.  Fig.  316  illustrates  the  construction  of  the 
lamp,  in  which  the  straight  carbon  tube  or  fibment  a  is 
supported  by  pieces  of  iron  wire  b  b^y  their  lower  extremities 
being  connected  to  the  short  pieces  of  platinum  fused  through 
the  bottom  of  the  bulb.  These  wires,  b  ^j,  are  bent  in  such 
shape  as  to  almost  touch  each  other  at  c.  They  are  also  fur- 
nished with  sleeves  of  insulating  material  //^,,  connected  together 
by  a  spiral  spring  e  which  strives  to  draw 
'^'  ^'  *  them   together.     As  long  as  the  carbon  is 

intact,  its  rigidity  prevents  contact  between 
b  and  b^dX  Cy  but  as  soon  as  a  flaw  in  the 
carbon  appears  the  current  commences  to 
destroy  it,  and  the  spring  e  draws  the  wires 
together,  until  a  perfect  contact  is  produced 
at  Cy  and  then  a  short-circuit  is  obtained  inside 
the  lamp.  It  will  thus  be  seen  that  on  the 
extinction  of  one  lamp  by  the  fracture  of  its 
carbon,  the  circuit  for  the  other  lamps  is 
automatically  completed. 

In  another  form  of  this  lamp  the  spiral 

spring  is  dispensed  with,  a  portion  of  one  of 

the  iron  wires  being  hammered  out  flat,  and 

a  slight  springiness  imparted  to  it,  so  that  on 

the  carbon  being  broken  continuity  is  re-established  at  c. 

The  manufacture  of  the  bulbs  for  *  loop '  lamps  is  comparatively 
a  simple  matter,  but  with  lamps  having  a  rigid  rod  or  tube,  such 
as  the  Bernstein,  the  case  is  very  different.  This  will  be  evident 
when  it  is  observed  that  the  length  of  the  carbon  is  considerably 
greater  than  the  diameter  of  the  neck  of  the  bulb  ;  with  the 
ordinary  bulb,  the  insertion  of  the  mounted  carbon  would  there- 
fore be  a  matter  of  impossibility. 

The  method  of  making  the  Bernstein  bulb  is  very  ingenious. 
Two  bulbs,  Cy  d  (fig.  317),  are  first  blown  in  a  piece  of  glass  tubing 
b  c  \  the  end  b  is  then  broken  off,  and  the  bulb  e  being  heated,  it  is 
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worked  into  the  form  of  an  open  cylinder.  The  carbon  and  the  con- 
necting wires,  fixed  in  a  glass  stem,  are  then  introduced  through  the 
large  opening  thus  made,  this  opening  being  then  closed,  so  that 
only  one  bulb  remains.  The  next  operation  is  to  weld  a  piece  of 
small  tubing  to  the  top  of  this  bulb,  after  which  the  small  tube  ^ 
at  the  bottom  is  broken  off,  and  the  stem,  with  its  connecting  wires, 
dropped  through  and  fused  into  position.  The  next  performance 
is  to  exhaust  the  lamp  by  way  of  the  little  tube  fused  on  to  the 
top,  and  that  being  completed,  the  bulb  is  sealed  off  and  fixed 
into  its  socket. 

In  order  to  prevent  the  interruption  of  the  circuit  by  the  re- 
moval of  a  lamp,  its  holder  is  constructed  in  such  a  way  that  the 
lamp  can  only  be  withdrawn  from  it  if  a  short  circuit 
has  been  made  in  the  holder  beforehand ;  and,  fur- 
thermore, as  this  short-circuit  can  only  be  broken 
after  the  lamp  has  been  placed  in  position,  it  is  not 
possible  to  disconnect  the  circuit  at  the  holder. 

The  electro-motive  force  required  by  the  Bernstein 
lamp  ranges  from  4  to  15  volts  according  to  the 
luminosity,  which  usually  ranges  from  16  to  50  candle- 
power.  The  normal  current  strength  required  is 
10  amperes.  On  account  of  the  small  mass  of  carbon 
in  the  hollow  filament,  these  lamps  are  very  efficient, 
and  it  is  claimed  that  with  lamps  of  from  32  to  50 
candle-power  the  consumption  of  electrical  energy  is  at  the  rate 
of  only  275  watts  per  candle. 

Bearing  in  mind  the  peculiar  advantages  which  the  series  sys- 
tem of  lighting  by  incandescent  lamps  undoubtedly  possesses,  it 
is  somewhat  surprising  that  so  little  attention  has  been  given  to  it. 
Practically  the  only  English  worker  who  has  seriously  and  per- 
sistently pursued  the  subject  is  Mr.  A.  A.  Goldston.  His  great 
object  has  been  to  develop  a  workable  system  for  lighting  streets 
and  open  spaces  by  means  of  incandescent  lamps  as  opposed  to 
arc  lamps  ;  and  for  streets  of  secondary  importance,  incandescent 
lighting  is  certainly  more  economical,  and  may  be  rendered  even 
more  effective.  With  the  parallel  system,  there  is  not  only  the 
question  of  the  mains  to  be  considered,  but  also  the  rapid  fall  in 
the  luminosity  of  the  lamps  consequent  upon  the  reduced  current 
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through  the  filament  and  the  reduced  transparency  of  the  bulb. 
On  the  other  hand,  with  series  lamps,  the  current  strength  is  main- 
tained under  all  conditions,  and  any  slight  reduction  which  may 
take  place  in  the  area  of  the  filament  tends  to  increase  the  lumin- 
osity and  thereby  to  compensate  for  the  blackening  of  the  bulb. 
This  makes  but  little  difference  in  the  life  of  the  lamp,  while 
Fig.  318.  its     luminosity    is 

practically  uniform 
throughout  its  life. 
It  is  of  course 
essential  to  provide 
a  cut-out  device, 
and  one  advantage 
pertaining  to  the 
lamp  about  to  be 
described,  is  that 
the  lamp  itself  con- 
tains the  filament 
only,  the  short- 
circuiting  arrange- 
ment being  entirely 
separate. 

It  has  the  fur- 
ther advantage  that 
the  operation  of  the 
cut-out  does  not  in 
any  way  injure  it, 
whereas    in    some 
other  cases  where 
external      cut-outs 
have  been  attemp- 
ted, the  short-circuiting  is  accompanied  by  the  destruction  of  the 
cut-out.     Fig.  318  illustrates  Mr.  Goldston's  lamp,  together  with 
its  holder  and  cut-out  device. 

The  lamps  themselves  are  made  of  various  illuminating  powers, 
the  particular  one  illustrated  having  been  constructed  to  yield  a 
light  of  50  candle-power,  which  at  2*25  watts  per  candle  involves 
an  expenditure  of  1 1 2*5  watts.     The  strength  of  the  current  being 
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10  amperes,  the  fall  of  pressure  is  11*25  volts.  A  filament,  in 
order  that  it  may  withstand  such  a  comparatively  heavy  current, 
must  of  necessity  be  considerably  thicker  than  the  filaments  em- 
ployed in  lamps  absorbing  an  equal  power  at  the  higher  pressures 
obtaining  on  parallel  circuits.  The  entire  length  of  the  filament 
proper  is  but  two  inches,  so  that,  although  the  sectional  area  of 
carbon  is  increased,  the  illuminating  surface  is  practically  the  same 
as  in  the  corresponding  constant  potential  lamp.  The  ends  of  the 
filament  are  connected  to  a  pair  of  comparatively  long  iron  wires, 
which  in  their  turn  are  connected  to  the  platinum  loops  fused 
through  the  top  of  the  glass  bulb.  In  all  lamps  of  high  candle- 
power  a  great  amount  of  heat  is  developed,  and  it  becomes  diflicult 
to  prevent  the  temperature  and  consequent  expansion  of  the 
platinum  increasing  faster  than  that  of  the  glass.  Where  this  is 
allowed  to  happen,  the  platinum  frequently  cracks  the  glass  and 
thereby  impairs  the  vacuum.  In  the  lamp  under  discussion  the 
difficulty  has  been  overcome,  in  the  first  place  by  interposing 
between  the  filament  and  the  platinum  loops  stems  of  iron,  a 
metal  which  is,  compared  with,  say,  copper,  a  poor  conductor  of 
heat ;  and,  secondly,  by  affording  unusually  good  facilities  for  the 
dissipation  of  heat  at  the  lamp  terminals,  which  consist  of  small 
copper  strips,  securely  fixed  to  the  platinum  loops  by  means  of 
miniature  bolts  and  nuts.  These  strips,  when  the  lamps  are  placed 
in  position,  are  each  clamped  in  a  split  terminal,  to  the  other  end 
of  which  a  bare  flexible  lead  is  attached.  Each  of  these  flexible 
conductors  passes  through  a  hole  drilled  in  a  phosphor-bronze 
contact-piece,  to  which  the  conductor  is  firmly  secured,  both 
mechanically  and  electrically,  by  means  of  a  set  screw. 

The  end  of  the  conductor,  after  passing  through  the  contact- 
piece,  is  connected  directly  to  one  or  other  of  the  V-shaped 
brackets  which  also  carry  the  main  terminals.  The  phosphor- 
bronze  contact-pieces  are  pivoted  on  links  and  levers,  which  con- 
stitute a  parallel  motion.  The  spiral  springs  seen  in  the  figure 
pull  at  the  ends  of  the  levers  in  such  a  manner  as  to  urge  the  faces 
of  the  contact-pieces  together.  When  they  actually  make  contact, 
they  short-circuit  the  lamp,  so  that  the  whole  of  the  main  current 
then  passes  through  them,  and  under  such  circumstances  ample 
and  reliable  contact  is  essential.     This  is  ensured  by  employing 
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large  contact  surfaces  in  conjunction  with  the  parallel  motion, 
which  allows  practically  the  whole  of  those  surfaces  to  make  good 
contact,  either  when  both  levers  move  together  or  when  only  one 
moves.  Normally  these  contact  pieces  are  kept  apart  and  the 
current  allowed  to  flow  through  the  lamp,  by  the  application  of  the 
requisite  amount  of  tension  on  the  stranded  conductors.  This  is 
effected  by  a  very  ingenious  yet  simple  device.  A  light  glass 
stem  is  sealed  on  to  the  bottom  of  the  bulb,  the  lower  extremity 
of  the  stem  being  slightly  thickened  to  enable  a  light  coarse  screw 
ferrule  to  be  securely  cemented  to  it.  A  loosely  running  nut  car- 
ried by  the  stiff  wire  bow  engages  with  this  ferrule  and  enables  the 
amount  of  tension  necessary  to  pull  down  and  separate  the  phos- 
phor-bronze contact-pieces  to  be  applied.  The  supporting  brackets 
are  mounted  on  a  teak  base,  the  bow  and  reflector  being  also 
insulated  from  the  lower  ends  of  the  brackets  by  thick  mica  washers 
in  the  union  nuts.  Obviously,  in  the  event  of  any  mechanical 
injury  to  the  lamp,  the  tension  is  released  and  the  springs  imme- 
diately force  the  contact- pieces  together.  The  same  thing  happens 
in  the  event  of  any  accident  to  the  interior  of  the  lamp.  If,  for 
example,  the  filament  breaks  while  the  lamp  is  running,  an  arc  is 
established  across  the  break,  and,  travelling  up  the  iron  stems, 
either  fuses  them,  and  thereby  allows  molten  metal  to  fall  upon 
the  bottom  portion  of  the  bulb,  where  it  will  cause  a  fracture  and 
separate  the  light  glass  stem  from  the  rest  of  the  bulb,  or  failing  this 
the  arc  will  travel  up  to  the  crown  of  the  bulb,  and  cause  a  fracture 
there.  In  either  case  the  tension  is  released  and  the  lamp  short-cir- 
cuited. The  light  glass  stem  is  so  proportioned  and  fixed  that  while 
it  can  withstand  a  considerable  direct  pull,  it  will  certainly  break 
under  any  mechanical  shock  which  would  be  sufficient  to  break  the 
filament.  The  lamp  and  its  fittings  as  illustrated  are  suspended 
inside  a  weather-tight  lantern  fixed  on  the  top  of  an  iron  post,  aiid 
it  will  be  observed  that  in  any  case  the  only  part  to  be  renewed  is 
the  lamp,  the  safety  device  remaining  intact  and  ready  for  use  on 
the  insertion  of  another  lamp. 

Incandescent  lamps  are  serviceable  in  a  variety  of  ways.  For 
domestic  lighting  they,  although  in  most  cases  in  England  some- 
what more  expensive  than  gas,  know  no  equal.  They  in  no  sense 
of  the  word  vitiate  the  air,  nor  do  they  consume  it ;  they  have 
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very  little  effect  upon  the  temperature  of  a  room  ;  they  are  not 
injurous  to  furniture,  books,  or  ceiling,  and  deposit  no  soot ;  they 
can  be  placed  near  curtains  or  other  combustible  materials  without 
entailing  any  risk  of  fire ;  they  are  independent  of  air  currents, 
which  cause  flickering  in  any  lamp  where  gas  or  oil  is  burned ; 
they  are  exceedingly  convenient,  and  can  be  *  turned  on'  at 
any  moment  without  necessitating  the  use  of  a  match  ;  the  tap  or 
switch  for  turning  them  on  can  be  placed  in  any  convenient  posi- 
tion ;  and  the  lamps  are  incompetent  to  cause  explosions,  because 
the  filament  is  destroyed  immediately  the  bulb  is  broken\  On 
the  other  hand,  they  consume  a  practically  invariable  amount  of 
energy,  for  the  light  cannot  be  turned  down  without  the  intro- 
duction of  a  shunt,  or  of  resistance,  in  which  the  energy  which 
would  otherwise  be  absorbed  in  the  lamp  is  expended.  They 
are,  however,  unsatisfactory  for  street  lighting  unless  of  high 
candle-power,  for  most  of  the  advantages  which  pertain  to  them 
when  used  in  a  house  disappear  when  they  are  taken  into  the 
street.  The  public  look  for  a  brilliant  light  and  get  only  the 
equivalent  of  a  good  gas  jet,  and  have  to  pay  dearly  for  the 
luxury.  They  are  exceedingly  adaptable  to  the  lighting  of  railway 
carriages.  They  have  no  equal  for  ship-lighting,  their  usual  com- 
petitors in  such  cases  being  bad  oil  and  worse  lamps.  In  the  case 
of  passenger  steamers  expense  is  not  of  paramount  importance  ; 
hence  it  is  not  to  be  wondered  at  that  in  this  work  incandescent 
electric  lighting  now  reigns  supreme.  Incandescent  lamps  should 
prove  of  inestimable  service  in  mines  and  in  the  bunkers  of  ships, 
where  the  chief  difficulties  to  be  contended  with  are  want  of 
portability,  and  the  risk  of  sparking  between  the  broken  ends  of 
a  wire,  or  at  switch  contacts.  These  are  matters  which  must  soon 
be  conquered,  and  there  is  but  little  doubt  that  before  long  the 
Davy  and  Geordie  *  safety  *  lamps  will  be  relegated  to  historical 
museums.  There  is  a  scope  for  incandescent  lamps  for  the  use 
of  divers,  and  in  many  surgical  examinations  and  operations,  as 
well  as  for  the  microscope  and  the  optical  lantern. 

In  order  to  estimate  the  amount  of  light  emitted  by  any  lumi- 
nous source,  electric  or  otherwise,  a  large  number  of '  photometers ' 
or  light-measurers  have  been  devised,  but  excellent  as  some  of 
these  may  be  in  theory,  they  have,  when  applied  practically,  two 
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serious  defects.  Measurement  of  every  kind  requires  some  unit 
or  standard  with  which  to  compare  the  substance,  force,  or  effect 
it  is  desired  to  measure  ;  and  it  is  pre-eminently  essential  that  this 
unit  or  standard  shall  be  fixed  and  invariable,  and  that  it  shall,  with- 
out very  much  trouble,  be  reproducible.  The  majority  of  units 
comply  more  or  less  with  these  requirements  ;  the  one  unit  which 
does  not,  which  is  never  fixed,  but  is  always  liable  to  variation,  is 
the  so-called  unit  of  light.  With  us  in  England,  the  official  unit 
is  the  *  candle-power,'  which  is  assumed  to  be  the  light  produced 
by  a  'standard  candle '  weighing  six  to  the  pound  and  made  to 
burn  120  grains  of  spermaceti  wax  per  hour.  The  length  of  the 
candle  varies  slightly  with  different  makers,  ranging  from  8 J  to  9 
inches,  measured  from  the  shoulder,  where  the  diameter  is  about 
o"8  in.,  the  diameter  at  the  bottom  increasing  to  0*85  or  0*9  in. 

In  practical  work  a  straight  candle  is  selected  and  cut  into  two 
equal  parts,  which  are  subsequently  used  together  on  a  short  bar 
placed  at  right  angles  with  the  scale-bar  of  the  photometer.  The 
two  flames  give  a  more  reliable,  or  better  average,  result  than  a 
single  one.  Candles  are  lighted  ten  minutes  before  the  com- 
mencement of  testing  so  as  to  allow  them  to  arrive  at  their  normal 
rate  of  burning,  which  is  shown  when  the  wicks  are  slightly  bent 
over  and  the  tips  glowing.  In  fixing  them  in  position,  the  plane 
of  curvature  of  one  wick  should  be  at  right  angles  to  the  plane 
of  curvature  of  the  other.  If  the  candles  are  used  when  the 
wicks  are  straight,  or  when  a  little  knob  or  rose  of  carbonised 
thread  has  formed  at  the  tip,  the  tests  will  give  erroneous  results. 

The  special  requirements  of  a  standard  flame  are  that  the 
combustible  must  be  of  known  and  definite  composition  ;  the 
conditions  of  burning  must  be  of  a  simple  and  definable  character, 
and  the  nature  of  the  combustible,  as  well  as  the  conditions  of 
burning,  must  be  such  that  atmospheric  changes  may  produce  a 
minimum  effect  upon  the  light. 

Now  white  spermaceti  has  a  melting-point  of  109®,  but  a  small 
quantity  (varying  from  four  to  five  per  cent.)  of  beeswax  with  a  meeting 
point  of  140°  is  usually  added  in  order  to  prevent  the  crystallisation 
of  the  spermaceti.  The  spermaceti  itself  is  not  a  definite  chemical 
substance,  its  constituents  varying  considerably;  whence  it  fails  to 
answer  the  first  requirement,  for  the  consequence  of  the  differences 
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in  the  proportions  of  the  natural  and  added  constituents  is  that 
small  variations  are  found  to  occur  in  the  melting-point. 

The  number  and  size  of  the  threads  in  the  wick,  its  chemical 
treatment,  the  closeness  of  the  plaiting  of  the  strands,  and  the 
degree  of  tightness  with  which  the  wick  is  stretched,  are  also 
conditions  which  affect  the  light  of  a  sperm  candle,  yet  they 
are  all  left  undefined  by  the  Acts  of  Parliament  j  and,  in  practice, 
manufacturers  differ  in  regard  to  them. 

Even  were  the  candles  made  as  exactly  alike  as  possible  there 
are  other  conditions  of  variation  which  cannot  be  eliminated.  For 
instance,  the  light  varies  from  moment  to  moment  as  the  wick 
bends  over,  as  the  knob  at  the  end  of  the  wick  accumulates  or 
burns  away,  and  as  the  cup  fills  or  empties  itself  of  melted  sperm. 
A  number  of  experiments  made  by  a  Committee  appointed  by 
the  Board  of  Trade  showed  that  while  the  candles  from  a  single 
packet  gave  fairly  concordant  results,  the  average  obtained  by  ten 
experiments  with  one  packet  differed  as  much  as  15  per  cent,  from 
the  average  obtained  by  ten  experiments  with  another  packet.  In 
115  determinations  a  maximum  variation  was  found  between  two 
pairs  of  candles  of  227  per  cent,  in  illuminating  power.  All 
these  experiments  were  made  by  one  observer,  working  with  one 
set  of  apparatus  and  in  the  most  uniform  manner  possible. 

The  method  of  taking  the  average  of  three  consecutive  candle 
determinations  does  not  therefore  serve  to  eliminate  the  errors  of 
the  candle  standard,  for  the  candles  employed  may  be  taken  from 
a  packet  containing  candles  of  a  uniformly  high  or  a  uniformly  low 
illuininating  power. 

Standard  candles  are  greatly  affected  by  slight  differences  of 
treatment,  so  that  a  candle  which  gives  a  certain  amount  of  light 
in  the  hands  of  one  operator,  may  give  a  widely  different  result 
when  used  by  a  second  operator. 

The  extreme  sensitiveness  of  standard  candles  to  differences  in 
treatment  is  shown  by  the  following  typical  experiment.  Four 
official  gas  examiners  tested  on  the  same  day  a  specially  stored 
sample  of  coal  gas.  They  used  the  same  photometer,  and  candles 
from  one  packet  selected  for  the  uniformity  of  the  candles 
contained  in  it.  The  mean  of  two  closely  agreeing  tests  by 
one  examiner  gave  the  illuminating  power  of  the  coal  gas  as  16*5 
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candles,  while  the  mean  of  two  closely  agreeing  tests  by  another 
gave  the  illuminating  power  of  the  coal  gas  as  19  candles. 

Mr.  J.  W.  Dibdin  has  reported  very  adversely  upon  the  stan- 
dard candle.  He  found  on  one  day  that  the  average  of  the  tests 
with  candles  made  by  one  firm  (A)  showed  the  illuminating 
power  of  a  certain  gas  flame  to  be  equal  to  15*8  candles,  while 
candles  manufactured  by  another  firm  (B)  gave  a  value  of  14*9 
candles  ;  on  another  day  candles  A  gave  a  value  of  14-8  to  a  con- 
stant gas  flame,  while  candles  B  gave  a  value  of  only  12-9. 

It  can,  therefore,  be  readily  conceived  that  a  total  variation  ol 
10  per  cent,  is  almost  a  normal  result,  while  far  greater  differences 
are  of  common  occurrence. 

Another  cause  of  unreliability  under  certain  conditions  is  that 
when  the  temperature  of  the  testing  room  rises  above  the  normal 
the  candles  invariably  give  discordant  results,  sometimes  indicating 
over  25  per  cent,  more  than  the  known  value  of  the  comparison 
flame.  The  principal  cause  of  variation  is,  however,  the  varying 
form  and  variable  structure  of  the  wick,  which  at  one  time  had 
eighteen  threads  in  each  of  its  three  strands,  while  at  the  pre- 
sent time  the  number  has  increased  to  twenty -one  and  twenty-three. 
Various  improvements  have  been  effected  in  the  processes  for 
*  drying '  the  spermaceti,  or  freeing  it  from  oil,  and  the  drier  sper- 
maceti now  manufactured  seems  to  require  a  wick  containing  more 
threads  of  cotton  to  raise  it  in  the  melted  form  and  cause  its  com- 
bustion at  the  required  rate  of  1 20  grains  per  hour.  But  candles 
with  thick  wicks  give  less  light  than  those  whose  wicks  are  thinner. 
Thus  the  effect  of  the  improvement  in  the  manufacture  of  spermaceti 
has  been  that  standard  candles  give  less  light  now  than  they  gave  ten 
years  ago,  and  probably  still  less  than  they  gave  at  an  earlier  date, 
when  the  average  consumption  of  candles  of  six  to  the  pound  was 
140  grains  per  hour. 

A  further  very  apparent  objection  is  that  the  illuminating  power 
is  subject  to  fluctuations  from  minute  to  minute,  owing  to  varia- 
tions in  the  length  and  form  of  the  wick,  and  to  the  fiUingland 
emptying  of  the  cup  of  the  candle,  according  to  the  movements 
of  the  surrounding  air. 

Sufficient  has  been  said  to  make  manifest  the-  imperfections 
of  the  spermaceti  candle  as  a  standard. 
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One  of  the  sources  of  error,  viz.  the  irregular  consumption  of 
the  spermaceti,  can  be  to  some  extent  allowed  for  by  weighing  the 
candle  before  and  after  the  tests  are  made,  the  time  of  burning  being 
also  noted.  If  the  consumption  has  not  been  at  the  exact  rate 
of  120  grains  per  hour,  the  light  emitted  should  be  deemed  pro- 
portionately different  in  intensity,  and  the  measured  intensity  of 
the  light  as  observed  by  the  photometer  should  be  accordingly 
increased  or  diminished  in  the  same  proportion  by  a  simple  rule- 
of-three  calculation.  Thus  if  a  lamp  has  been  measured  by  the 
apparatus  as  giving  a  light  of  1 7  6  candles,  but  the  candles  have 
been  burning  at  an  average  rate  of  116  instead  of  120  grains,  it 
follows  that  120:  116  ::  17-6  :ji:=  17-01.  A  delicate  balance  is 
supplied  with  the  better  class  of  photometers,  by  means  of  which 
the  rate  of  consumption  can  be  readily  ascertained. 

In  Germany  a  standard  paraffin  candle  is  employed,  but  no 
better  value  can  be  attached  to  it  than  to  the  spermaceti  candle. 
The  amyl-acetate  lamp  affords  a  more  accurate  and  reliable  sub- 
stitute for  the  standard.  The  lamp  is  very  simple,  and  carries  a 
wick  saturated  with  amyl  acetate,  which  is  so  adjusted  that  the 
fiame  reaches  a  certain  height.  It  has,  however,  the  objection 
that  the  flame  is  too  rich  in  red  rays,  a  fact  which  considerably 
reduces  its  utility  when  white  light  has  to  be  measured. 

The  French  sometimes  use  a  stearine  candle  as  a  standard, 
but  the  actual  French  official  standard  is  the  *  Carcel '  lamp,  in 
which  purified  colza  oil  is  consumed  at  the  rate  of  42  grammes 
per  hour,  and  in  which,  of  course,  a  wick  is  employed.  The 
wick  is  cylindrical  in  shape,  and  gives,  therefore,  an  *  Argand '  flame. 
It  should  be  woven  with  75  strands,  and  weigh  3*6  grammes  per 
decimetre  of  length.  The  chimney  is  29  centimetres  in  height,  its 
diameter  being  contracted  at  a  short  distance  above  the  wick,  from 
47  to  34  millimetres.  A  good  white  light  is  produced,  but  from 
what  has  been  said  when  discussing  candles  it  will  be  evident 
that,  for  making  exact  tests,  extreme  care  must  be  exercised  in  the 
manufacture  and  use  of  the  lamp  and  the  combustibles.  The 
chemical  composition  of  the  oil  is  liable  to  variation,  and  the  simple 
fact  that  a  wick  is  employed  opens  the  way  to  a  host  of  irregu- 
larities.    It  is,  however,  less  affected  by  air  currents,  &c.,  and  is 
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preferable  to  a  candle.     The  standard  Carcel  is  computed  to  be 
equal  to  about  9-5  standard  spermaceti  candles. 

Several  other  attempts  have  been  made  to  provide  an  efficient 
substitute  for  the  standard  candle,  among  them  that  of  M.  VioUe, 
who  at  the  Paris  Congress  in  1888  proposed  as  the  standard  of 
light  that  which  is  emitted  by  a  square  centimetre  of  melted 
platinum  at  the  temperature  of  solidification.  This  would  be  a 
very  inconvenient  standard,  and  is  also  objectionable  on  account 
of  the  difficulty  of  obtaining  absolutely  pure  platinum.  It  will  be 
remembered  that  it  was  in  Chapter  XV.  pointed  out  that  the  light 
from  the  crater  of  a  fully  developed  direct-current  arc  is  constant 
so  far  as  the  intrinsic  brilliance  is  concerned.  This  fact  was  ascer- 
tained by  Captain  Abney,  and  it  has  been  proposed  to  adopt  as  the 
standard,  the  light  emitted  from  a  square  millimetre  of  the  crater 
of  the  arc  formed  between  a  pair  of  pure  carbons.  One  difficulty 
in  connection  with  the  proposed  standard  is  that  of  obtaining 
absolutely  pure  carbon,  and  the  suggestion,  although  a  very  good 
one,  has  not  met  with  a  very  hearty  response.  The  only  suggested 
substitutes  which  may  now  be  said  to  remain  in  the  lists  are  the 
Methven  screen  and  the  Harcourt  air-gas  flame. 

The  *  screen '  invented  by  Mr.  John  Methven  is  an  exceedingly 
simple  piece  of  apparatus.  The  instrument  as  now  constructed 
by  Messrs.  Wright  &  Co.  is  illustrated  in  fig.  319,  and  consists 
of  an  upright  rectangular  metallic  plate  or  screen,  having  attached 
to  its  lower  edge  a  horizontal  flange  or  bracket,  which  supports  a 
standard  London  Argand  gas-burner.  This  burner  is  supplied 
with  gas  through  a  plug  or  nosepiece  projecting  downwards  below 
the  flange.  In  the  screen,  above  the  level  of  the  burner,  there 
is  a  hole  or  slot  which  is  covered  by  a  thin  silver  plate,  having  a 
small  vertical  slot  of  such  dimensions  as  to  allow  of  the  passage 
of  just  as  much  light  as  equals  that  afforded  by  two  average 
standard  sperm  candles,  when  the  gas  consumed  is  sufficient  to 
yield  a  flame  three  inches  in  height.  It  will  be  seen  from  the 
figure  that  a  glass  chimney  is  employed ;  it  measures  6  inches 
high  by  2  inches  in  diameter,  the  supply  of  gas  necessary  to  pro- 
duce the  required  flame  being  controlled  by  a  tap,  or,  in  the  better 
class  of  instrument,  by  a  micrometer  cock  capable  of  very  fine 
adjustment.     The  two  horizontal  wires  attached  to  the  back  of 
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the  screen,  one  on  either  side  of  the  chimney,  are  placed  at  the 

requisite  distance  above  the  burner,  and  serve  the  purpose  of 

determining  when  the  prescribed 

flame  length  has  been  obtained. 

The  apparatus  is  sometimes  used 

with  the  richer  pentane  vapour 

as   the   illuminant  (reference  to 

which  will  be  made  presently).  In 

such  cases  a  second  silver  plate 

and  slot  is  provided,  of  reduced 

dimensions,  and  furnished  with  a 

pair  of  horizontal  wires  2  .^  inches 

above  the  burner,  to  which  height 

the  flame  must  be  adjusted. 

The  Methven  screen  has  the 
advantage  that  it  forms  a  reliable 
and  practical  standard,  easy  to 
manipulate  and  not  likely  to  get 
out  of  order.  Its  simplicity  of 
construction  as  well  as  of  manipu- 
lation is  self-evident,  and  its  suit- 
ability for  the  required  object 
has  been  demonstrated  by  Mr. 
F.  W.  Hartley,  who  made  a 
great  number  of  tests  with  the 
apparatus,  using  slots  of  various 
dimensions.  In  one  set  of  tests 
he  found  that  with  a  5  cubic  feet 
per  hour  flame,  of  common  coal 
gas  of  14*02  candle-power,  the 
diflerence  in  the  photometric 
readings  between  a  3-inch  Argand 
flame  from  the  same  gas  and 
from  cannel  gas  of  35*37  candle- 
power  was  only  07  per  cent. 
These  experiments  tend  to  show 

that  it  is  the  height  of  the  flame  rather  than  the  quality  of  the  gas 
consumed  which  determines  the  luminosity,  and  this  is  a  most 
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important  point,  for  it  renders  the  standard  virtually  independent 
of  any  ordinary  variations  in  the  composition  and  lighting  pro- 
perties of  the  gas.  A  series  of  experiments  was  next  made  with 
standard  candles  which  were  employed  to  measure  the  light 
emitted  by  the  common  gas  ;  the  readings  ranged  from  i3'24  to 
14-588  candle-power,  showing  a  difference  of  1*348  candle,  or 
lo'ii  per  cent.  As  these  tests  were  made  with  gas  supplied  from 
the  same  holder,  the  result  simply  re-proves  the  utter  unreliability 
of  the  standard  candle.  On  the  other  hand,  when  the  Methven 
screen  was  employed,  the  two  kinds  of  gas  being  consumed  in 
turn,  the  extreme  difference  was  0*83  per  cent,  and  the  mean 
difference  0*3  per  cent.  only. 

While  it  is  of  course  necessary  that  the  height  of  the  flame 
should  be  carefully  adjusted,  it  is  an  important  feature  that  the  read- 
ings are  not  perceptibly  affected  by  a  variation  of  about  one-tenth 
of  an  inch  on  either  side  of  the  prescribed  height  The  top  of 
the  flame  should  be  as  regular  as  possible,  the  burner  of  the  best 
manufacture,  and  the  chimney  and  screen  scrupulously  clean.  As, 
however,  it  rarely  happens  that  the  top  of  the  flame  is  absolutely 
regular,  it  is  usual  to  so  adjust  the  height  that  the  extreme  points  ex- 
tend about  one-eighth  of  an  inch  above  the  horizontal  wires.  There 
is  one  other  precaution,  and  that  is,  that  the  instrument  should  be 
allowed  to  get  *  hot,'  so  as  to  arrive  at  the  normal  condition,  before 
any  reading  is  taken  on  the  photometer.  If  this  is  n^lected, 
erroneous  results  are  almost  inevitable,  as  the  proportion  of  energ)- 
absorbed  in  heating  the  apparatus  will  be  a  varying  quantity. 
However,  this  only  entails  a  delay  of  about  ^\^  minutes  after  the 
gas  is  lighted. 

It  is  scarcely  to  be  wondered  at  that  a  standard  so  nearly 
approaching  perfect  uniformity  in  its  indications,  and  so  simple 
in  construction  and  manipulation,  should  have  found  considerable 
favour  in  the  electrical  industries,  where  it  is  almost  exclusively 
employed.  To  put  the  matter  in  a  few  words,  it  is  a  practical 
piece  of  apparatus.  As  Parliament  has  not  yet  prescribed  any 
particular  luminosity  for  electric  lamps,  manufacturers  of  electrical 
apparatus,  and  those  supplying  electricity,  are  not,  like  gas  com- 
panies, tied  down  to  the  sperm  candle.  Mr.  Dibdin  says  that  *  the 
adjustment  of  the  height  of  the  Methven  flame  is  a  matter  of  too 


Digitized 


by  Google 


CHAP.  XVI.  Pentane  Standard  679 

little  certainty,  and  lends  itself  to  variations  of  readings  in  the 
hands  of  a  biassed  or  careless  operator.*  Granting,  however,  that 
there  may  be  some  slight  trouble  in  properly  adjusting  the  flame, 
it  is  not  a  matter  of  great  difficulty,  and  the  Methven  standard  is 
hardly  likely  to  suffer  more  than  any  other  from  careless  manipu- 
lation. Mr.  Dibdin,  however,  says  when  dealing  with  the  pentane 
standard  that  *the  adjustment  of  the  height  of  the  flame  is  a 
matter  of  certainty.'  He  also  urges  that  the  employment  of  a 
chimney  (by  Mr.  Methven)  is  a  serious  disadvantage,  as  the  por- 
tion of  glass  exposed  to  the  slot  acts  as  a  lens,  and  therefore 
affects  the  results.  The  objection  is,  however,  hardly  fair  here, 
for  the  width  of  the  strip  of  glass  involved  is  so  very  small  {\  in.) 
that  it  presents  practically  a  plane  surface. 

In  the  standard  suggested  by  Mr.  A.  Vernon  Harcourt,  and 
known  as  the  air-gas  or  pentane  standard,  the  combustible  em- 
ployed consists  of  a  mixture  of  air  with  that  portion  of  American 
petroleum  which,  after  repeated  rectifications,  distils  at  a  tempera- 
ture not  exceeding  50®  C.  This  liquid  consists  almost  entirely 
of  pentane,  its  specific  gravity  at  15**  C.  ranging  from  0*628  and 
0-631. 

To  prepare  the  gas,  Mr.  Harcourt  draws  into  the  gasholder 
the  required  volume  of  air,  according  to  the  capacity  of  the 
holder,  and  corrected  for  pressure,  temperature,  and  tension  of 
aqueous  vapour ;  then  the  corresponding  proportion  of  pentane 
is  poured  into  the  gasholder  from  a  measuring-flask  or  pipette. 
The  proportion  maintained  between  the  air  and  the  pentane  is 
one  cubic  foot  of  air  to  three  cubic  inches  of  pentane,  measuring 
the  liquid  at  or  near  60®  Fahr. ;  or,  measuring  both  as  gases,  20 
volumes  of  air  to  7  of  pentane. 

When  the  pentane  is  poured  upon  the  water  in  the  gasholder 
with  about  thrice  its  vapour-volume  of  air  above,  it  volatilises 
rapidly  and  completely.  A  few  minutes  are  sufficient  for  the 
volatilisation  of  the  liquid,  but  a  few  hours  are  required  for  perfect 
diffusion. 

The  opening  in  the  burner  has  a  diameter  of  a  quarter  of  an 
inch,  and  is  at  the  top  of  a  cylindrical  tube  one  inch  in  diameter 
and  four  inches  long,  the  thickness  of  the  disc,  forming  the  mouth- 
piece at  the  top  of  the  tube,  being  half  an  inch.     With  a  burner 


Digitized 


by  Google 


68o  Electrical  Engineering  chap.  xvi. 

of  these  dimensions,  the  mixture  of  air  and  pentane  gas  yields,  as 
nearly  as  possible,  a  flame  2\  inches  in  height  when  the  rate  of 
consumption  is  0*5  cubic  foot  per  hour. 

The  adjustment  of  the  pentane  flame  to  give  the  unit  light 
(equal  to  the  mean  of  a  long  series  of  tests  with  standard  candles) 
may  be  based  upon  the  observations  either  of  its  height  or  of  the 
rate  of  consumption,  and  may  be  effected  either  by  adjusting  the 
height  of  the  flame  till  the  tip  of  it  touches,  without  passing,  a 
horizontal  platinum  wire  stretched  over  the  burner  at  the  desired 
height,  or  by  adjusting  the  rate  at  which  the  pentane  gas  passes 
through  a  delicate  meter.  Experience  of  the  two  modes  of 
adjustment  has  shown  that  it  is  both  easier  and  more  accurate  to 
trust  to  the  setting  of  the  height  of  the  flame,  and  to  use  the 
rate  of  consumption  as  a  control  only,  without  taking  it  into 
account  in  reckoning  the  illuminative  value  of  the  gas  tested. 

No  n\aterial  variation  in  the  light  given  by  the  standard  flame 
occurs  when,  the  height  of  the  flame  having  been  adjusted  accu- 
rately to  2  ^  inches,  the  observed  rate  of  consumption  does  not 
exceed  0*52  or  fall  short  of  0*48  cubic  foot  per  hour.  As  a  rule, 
the  rate  only  varies  within  the  narrower  limits  of  0*51  and  0*49. 

A  series  of  experiments  performed  to  ascertain  the  eflfect  of 
variations  in  the  proportion  of  air  and  pentane,  demonstrated  that 
an  error  or  variation  of  7  per  cent,  in  the  ratio  of  air  to  pentane 
causes  a  variation  of  5  per  cent,  in  the  rate  at  which  pentane  gas 
needs  to  be  passed  through  the  meter  to  maintain  a  2^-inch 
flame,  and  a  difference  of  only  2  per  cent.,  or  '03  candle,  in  the 
illuminative  value  assigned  to  the  gas  tested  by  comparison  with 
it.  But  an  error  of  even  half  this  amount  is  rarely  obtained  in 
the  actual  preparation  of  pentane  gas. 

It  is  remarkable  that  in  only  37  out  of  468  testings  does  the 
result  of  one  testing  differ  from  the  mean  result  of  the  set  of  which 
it  forms  a  part,  by  as  much  as  0*2  candle. 

Tests  were  made  with  variable  height  of  flame,  and  the  averages 
ot  ten  observations  made  at  the  rate  of  one  a  minute,  showed 
that  with 

Height  of  flame  in  inches     .     .      2jf  2^  iW 

The  corresponding  illuminating 
power  was 99*25         100         10075 


Digitized 


by  Google 


CHAP.  XVI.  Pentane  Standard  68 1 

Other  experiments  demonstrated  that  the  illuminating  power 
of  the  air  gas  is  but  little  affected  by  variations  in  the  temperature 
of  the  room. 

Mr.  Dibdin  is  favourably  impressed  with  the  pentane  standard, 
and  in  a  report  to  the  Board  of  Works  he  recommended  its  early 
adoption.  Similarly,  the  British  Association  Committee  con- 
sidered it  to  be  reliable  and  convenient,  fulfilling  the  conditions 
required  in  a  standard  of  light,  and  they  likewise  urge  the  rejection 
of  the  Parliamentary  candle  as  a  standard  of  light,  and  the  adop- 
tion of  the  pentane  standard. 

The  *  battle  of  the  standards,'  as  already  mentioned,  is  confined 
to  the  types  invented  by  Mr.  Methven  and  Mr.  Harcourt  respec- 
tively. It  is  probable  that  the  latter  is  slightly  more  accurate 
than  the  other,  but  it  is  less  convenient,  and  is  for  that  reason 
very  rarely  adopted  in  practice,  while  the  Methven  screen  is  very 
extensively  used  by  gas  as  well  as  electrical  engineers.  The 
Methven  screen  is  always  ready,  and  measurements  can  be  taken 
within  a  very  few  minutes  of  lighting  the  gas.  On  the  other 
hand,  the  amount  of  heat  evolved  by  the  pentane  flame  is  so 
small  that  a  considerable  time  elapses  before  the  burner  has 
assumed  its  maximum  temperature,  or  attained  the  normal  rate 
of  burning.  Careful  manipulation  and  experience  are  necessary 
in  the  process  of  manufacturing  the  pentane,  an  operation  which 
of  course  takes  time  to  perform,  and  which  would  therefore 
frequently  preclude  its  use. 

Under  the  circumstances  it  is  perhaps  as  well  that  our  laws 
change  but  slowly,  and  that  the  legal  substitute  for  the  universally 
condemned  sperm  candle  has  not  yet  been  determined. 

Supposing  an  absolutely  reliable  and  permanent  unit  of  lumi- 
nosity to  be  available,  we  are  still  confronted  by  the  second  diffi- 
culty, viz.  the  want  of  a  means  of  accurate  measurement.  Prac- 
tical photometers  are  one  and  all  simple  comparison  instruments, 
the  light  emitted  by  the  standard  and  the  source  under  test  being 
compared  simultaneously,  and  these  comparisons  must  perforce 
be  made  by  the  eye.  Unfortunately  that  organ  is  untrustworthy 
as  a  piece  of  scientific  apparatus  and  incapable  of  accurate  dis- 
crimination. Its  sensitiveness  also  varies  considerably  with  the 
individual,  so  that  any  series  of  tests  should  be  taken  throughout 
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by  the  same  experimenter,  although  even  then  there  is  some  risk 
of  personal  error.  Of  course  this  difficulty  is  in  some  measure 
overcome  by  continued  practice  and  attention,  but  some  experi- 
ments performed  by  Professor  Schuster  illustrate  very  forcibly  the 
general  unreliability  of  the  human  eye.  He  submitted  to  a  con- 
siderable number  of  persons  a  pure  yellow  image,  and  a  compound 
yellow  composed  of  full  red  and  green  rays.  By  means  of  a  *  Nicol 
prism,'  each  person  could  mix  the  red  and  green  components 
together  in  any  proportion  ;  and  they  were  asked  to  make  the 
compound  yellow  match  the  simple  colour.  The  result  was  ex- 
traordinary, for  whereas  one  observer  required  2*8  times  as  much 

Fig.  320. 


red  as  green  to  make  the  match,  another  took  five  times  as  much 
green  as  red  to  produce  the  same  tint. 

All  practical  photometers  are  based  upon  the  fundamental  law 
that  the  intensity  of  illumination  on  a  given  surface  varies  in- 
versely as  the  square  of  its  distance  from  the  source  of  light ;  and 
upon  the  fact  that  the  distances  of  two  independent  sources  of 
light  can  be  so  adjusted  that  their  illumination  of  the  given  surface 
is  equal.  Then  by  measuring  these  distances  the  relative  illumi- 
nating powers  can  be  calculated. 

The  fundamental  principle  of  the  Rumford  or  'shadow' 
photometer  can  perhaps  be  best  illustrated  by  means  of  simple 
familiar  apparatus  such  as  that  in  fig.  320. 

It  consists  of  an  upright   ground-glass  screen    having  fixed 
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in  front  of  it  a  small  vertical  rod.  The  standard  light— in  this 
case  a  candle — is  placed  at  such  a  distance  as  to  project  a  shadow 
of  the  rod  upon  the  screen.  The  lamp,  or  other  source,  to  be 
tested,  is  then  brought  into  position  so  as  to  throw  a  second 
shadow  close  to  that  from  the  candle,  and  the  exact  position  of 
the  lamp  so  adjusted  that  the  intensities  of  the  shadows  are  as 
nearly  alike  as  the  observer  can  tell.  The  distances  of  the  candle 
and  the  lamp  from  the  ground-glass  screen  are  then  carefully 
measured,  and  the  comparative  luminosities  deduced  from  the  law 
of  inverse  squares.  For  example,  suppose  the  distance  of  the  candle 
to  be  12  inches  and  that  of  the  lamp  3I  feet  when  the  shadows 
are  equal,  then  the  luminosity  is  i^  :  3^^  that  is  to  say,  the  light 
emitted  by  the  lamp  is  12J  times  as  strong  as  that  from  the 
candle,  and  it  may  be  called  a  12  J  candle-power  lamp.  The  com- 
parative sensitiveness  of  the  observer  can  be  roughly  estimated 
by  moving  the  lamp  to  and  fro  for  some  distance,  when,  unless 
he  is  a  professional  photometrist,  he  will  probably  find  that  it  is 
a  very  easy  matter  for  the  personal  error  to  exceed  10  per  cent. 

The  principle  underlying  this  instrument  is  simple,  for  it  is 
evident  that  the  shadow  cast  by  the  lamp  is  illuminated  by  the 
candle,  while  that  cast  by  the  candle  is  illuminated  by  the  lamp, 
so  that,  if  both  shadows  are  reduced  to  the  same  degree  of  inten- 
sity, it  can  only  be  due  to  the  effect  of  equal  luminosities  upon 
the  surface  of  the  screen  derived  from  the  two  sources. 

The  Bunsen  or,  as  it  is  often  called,  the  *  grease-spot '  photo- 
meter is,  especially  for  the  beginner,  an  instrument  by  which  more 
accurate  results  can  be  obtained  ;  and  it  is  the  one  most  frequently 
employed.  The  principle  of  the  apparatus  is  shown  in  fig.  321. 
A  small  screen  of  somewhat  opaque  paper  is  stretched  on  a 
metallic  ring,  which  is  mounted  on  a  stand,  movable  along  a 
graduated  scale.  In  the  earlier  forms  of  this  instrument,  a  semi- 
transparent  grease  spot  was  made  in  the  centre  of  the  disc  by 
means  of  a  little  spermaceti  dissolved  in  naphtha,  but  in  the 
modern  practical  instrument  the  whole  of  the  paper,  with  the 
exception  of  a  small  central  patch,  is  so  saturated.  To  make  an 
efficient  screen  is  a  matter  of  some  difficulty,  there  being  a  parti- 
cular thickness  of  spermaceti  which,  with  each  experimenter,  gives 
the  best  results. 
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The  standard  candle  is  fixed  at  one  end  of  the  scale,  and  the 
gas  jet  or  lamp  (the  luminosity  of  which  is  to  be  measured)  at  the 
other  end  of  the  scale,  which  should  for  convenience  be  divided 
into  I  GO,  or  some  other  multiple  of  lo,  equal  parts.  The  two 
illuminants  should  be  placed  at  such  a  height  that  their  centres  are 
in  a  line  with  the  centre  of  the  screen,  which  can  then  be  moved 
along  the  scale  until  the  spot  becomes  invisible,  and  the  whole  of 
the  surface  appears  to  be  uniformly  lighted ;  or  the  screen  and 
standard  candle  can  be  fixed,  and  the  lamp  under  test  moved  along 
the  scale  to  the  required  point. 

The  bottom  of  the  stand  carrying  the  screen  (or  lamp)  should 
also  be  furnished  with  an  index,  and,  the  exact  position  of  this  index 
on  the  scale  being  noted,  the  relative  distances  of  the  two  illumi- 

FlG.   321. 


nants  from  the  screen  can  be  easily  ascertained.  Their  luminosi- 
ties can  then  be  calculated  by  squaring  these  distances.  The 
principle  of  this  instrument  is  likewise  simple.  If  a  single  light 
is  held  in  front  of  the  screen,  the  greased  paper,  which  allows  a 
portion  of  the  light  falling  upon  it  to  be  transmitted  through  it, 
appears,  when  viewed  from  that  side  on  which  the  light  is  placed, 
to  be  darker  than  the  ungreased  portion,  which  reflects  liberally 
the  rays  falling  upon  it.  If,  on  the  other  hand,  the  light  is  placed 
behind  the  screen,  the  grease  spot  or  ring  appears  as  a  com- 
paratively bright  surface  upon  a  dark  ground,  owing  to  the  fact 
that  the  greased  paper  transmits  a  large  portion  of  the  light  falling 
upon  it,  while  the  other  part  of  the  screen  transmits  scarcely  any 
of  the  rays.  When,  therefore,  the  position  of  the  screen  between 
two  sources  of  light  is  adjusted  until   the  whole  of  the  screen 
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appears  to  be  equally  lighted,  the  two  sides  will  be  equally  illumi- 
nated, the  light  transmitted  by  the  greased  paper  being  equal  to 
that  reflected  from  the  ungreased  paper.  As  a  matter  of  fact,  the 
grease  spot  is  never  capable  of  transmitting  the  whole  of  the  light 
falling  upon  it,  neither  is  the  ungreased  paper  a  perfect  reflector 
nor  absolutely  opaque. 

A  beam  of  light  falling  upon  a  body  is  liable  to  be  affected  in 
three  different  ways  :  the  rays  may  be  transmitted,  reflected,  or 
absorbed.  Bodies  are  called  transparent  when  they  transmit  a 
large  proportion  of  the  rays,  but  all  substances  behave  more  or  less 
as  reflectors,  for  it  is  only  by  reflected  light  that  non-luminous 
bodies  become  at  all  visible.  All  substances  also,  including  even 
the  best  reflectors,  absorb  some  of  the  rays,  so  that  when  a  reflector 
is  introduced  into  the  measuring  apparatus,  some  difficulty  is  ex- 
perienced in  estimating  the  amount  of  light.  Professors  Ayrton 
and  Perry  designed  a  photometer  especially  for  electric  lighting, 
at  a  time  when  there  was  a  great  demand  for  means  to  mea- 
sure the  light  from  an  arc  lamp.  It  is  based  on  the  *  shadow ' 
principle,  but  instead  of  moving  the  lamp  away  to  a  considerable 
distance  in  order  to  compare  its  light  with  that  of  the  much 
feebler  standard,  a  concave  lens  is  employed,  having  the  effect 
of  scattering  or  dispersing  the  luminous  rays,  and  projecting 
only  a  few  of  them  upon  the  scale,  whence  it  is  known  as  a 
•Dispersion*  photometer.  As  the  proportion  thus  utilised  in 
casting  the  shadow  can  be  readily  determined,  depending  as  it 
does  upon  the  curvature  and  absorbing  power  of  the  glass,  the 
direct  result  simply  requires  to  be  multiplied  by  a  given  constant 
to  determine  the  relative  luminosities.  A  plane  mirror  is  em- 
ployed to  direct  the  rays  upon  the  lens,  the  plane  of  the  mirror 
being  always  adjusted  to  an  angle  of  45®  with  the  incident  beam, 
so  as  to  avoid  the  introduction  of  errors  due  to  varying  degrees 
of  absorption  for  different  angles  of  reflection.  The  mirror  like- 
wise carries  a  pointer  moving  over  a  graduated  arc,  by  means  of 
which  the  inclination  of  the  incident  beam  to  the  horizontal  can 
be  indicated. 

This  instrument  is  no  doubt  very  useful  for  laboratory  pur- 
poses, but  it  IS  hardly  one  that  could  be  placed  in  the  hands  of 
the  average  operator,  for  whom  the  necessary  adjustments  and 
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calculations  would  be  too  intricate.  This  does  not,  however,  de- 
tract from  its  value  as  a  piece  of  scientific  apparatus. 

Many  other  forms  of  photometer  have  been  devised,  but  they 
are  mostly  modifications  either  of  the  grease  spot  or  of  the  shadow 
photometer,  and  do  not  therefore  call  for  further  comment. 

A  beam  of  light  has  two  other  qualities  besides  that  of  illu- 
minating a  dark  surface.  It  can  easily  be  shown  to  possess  more 
or  less  heat  rays ;  also,  that  if  certain  compound  substances 
are  interposed  in  its  path,  chemical  decomposition  takes  place. 
Were  the  three  portions  of  the  beams — viz.  the  thermal,  the  lumi- 
nous, and  the  actinic  or  chemical  rays— always  united  in  the  same 
proportions,  we  should  have  no  difficulty  in  constructing  a  photo- 
meter accurate  in  its  measurement  and  independent  of  the  want 
of  sensitiveness  in  the  eye ;  for  we  could,  on  the  one  hand,  use  a 
thermometer,  or  thermopile  and  a  delicate  galvanometer ;  or,  on 
the  other  hand,  a  piece  of  sensitised  paper,  such  as  is  used  in 
photography.  But  unfortunately  the  proportions  vary  consider- 
ably. 

Tyndall  ascertained,  as  the  result  of  a  long  series  of  carefully 
performed  experiments,  that  the  luminous  rays  from  several 
sources  of  light  bear  but  a  small  proportion  to  the  obscure  or  non- 
luminous  rays,  the  exact  proportion  of  the  former  being  from 

An  oil  flame 3    per  cent 

A  gas  flame 4         „ 

A  white-hot  spiral  .         .       4'6       „ 

An  electric-arc  light       .         .         .         .10         „ 

The  arc  light  appears  here  as  the  richest  in  luminous  rays  ;  it  is 
also  the  richest  in  actinic  rays,  but  the  poorest  in  thermal  rays. 
The  various  proportions  differ,  however,  with  diflerent  carbons,  &c. 
The  experiments  demonstrate  that,  if  either  the  thermal  or  the 
actinic  rays  are  to  be  utilised  for  ascertaining  the  luminosities  of 
electric  lamps,  they  can  only  be  compared  together,  or  among 
themselves  ;  they  cannot  be  fairly  compared  with  an  oil  or  a  gas 
flame.  It  has  been  estimated  that  of  the  solar  rays  about  34 
per  cent,  are  luminous.  Some  interesting  experiments  have  been 
made  by  Professor  S.  P.  Langley  and  Mr.  Very  to  determine 
the  luminous  efficiency  of  the  Cuban  fire-fly,   and  they  find 
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that  almcst  the  whole  of  the  rays  are  luminous.  It  would  be 
perhaps  the  greatest  single  stride  of  the  century  if  a  source  of 
light  were  produced  from  which  the  whole  of  the  rays  were 
luminous,  instead  of  the  great  majority  being  of  the  lower  or 
thermal  order. 

In  the  practical  measurement  of  electric  lamps,  modifications 
of  the  Bunsen  photometer  are,  as  we  have  indicated,  generally 
employed.  The  form  most  frequently  met  with  is  the  Letheby, 
which  was  designed  for  gas  testing,  and  which  therefore  pos- 
sesses many  refinements  unnecessary  for  electric  light  testing. 
The  Bunsen  disc  is  enclosed  in  a  double  conical  tube  or  box  to 
screen  off  extraneous  rays  of  light,  and  small  angular  mirrors  are 
placed  opposite  a  pair  of  openings  in  the  side  of  the  tube  to 
facilitate  simultaneous  observations  of  the  two  sides  of  the  disc. 

The  'Universal '  photometer,  designed  by  the  late  Mr.  Hartley,  is 
simple  and  efficient,  and  can  be  used  for  estimating  the  luminosities 
of  arc  or  incandescent  lamps  in  a  horizontal  or  in  any  other  direc- 
tion. It  consists  of  a  long  narrow  table,  with  two  parallel  grooves 
in  the  top ;  sliding  in  one  of  these  are  the  Methven  screen  or  other 
standard  and  the  Bunsen  disc,  while  in.  the  other  travels  a  scale, 
21  inches  in  length,  divided  into  tenths  of  an  inch.  For  hori- 
zontal measurement,  the  lamp  to  be  tested  is  fixed  on  an  inde- 
pendent pillar  at  a  known  distance  from  the  disc ;  if  the  lamp  is 
suspended  firom  the  ceiling,  an  angle  measurer  is  provided  to 
facilitate  the  estimation  of  its  actual  distance. 

It  is  the  usual  practice  for  an  incandescent  lamp  to  be  care- 
fully compared  with  some  standard,  such  as  the  Methven  screen. 
It  is  then  in  its  turn  employed  as  a  standard  of  comparison 
for  other  similar  lamps,  requiring  little  attention,  and  affording 
a  ready  means  of  rapidly  testing  a  large  number  of  lamps.  It  is, 
however,  only  employed  as  a  standard  for  a  time,  otherwise  there 
would  be  some  risk  of  error  owing  to  a  diminution  in  the  luminosity 
of  the  lamp.  The  method  of  testing  arc  lamps  is  somewhat 
similar.  An  incandescent  lamp,  after  being  standardised,  is  in  this 
case  also  frequently  employed  as  a  standard,  the  arc  lamp  being 
placed  on  a  scale  at  right  angles  with  the  photometer  bar,  which 
carries  a  mirror  adjusted  to  an  angle  of  45°  with  the  luminous 
beam,  so  as,  in  obedience  to  the  law  declaring  that  the  angle  of 
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reflection  is  equal  to  the  angle  of  incidence,  to  project  the  rays 
upon  the  greased  disc,  the  quasi-standard  being  placed  so  as  to 
illuminate  the  opposite  side  of  the  disc.  The  comparison  is  then 
made  by  adding  the  distance  between  the  disc  and  the  mirror  to 
the  distance  between  the  mirror  and  the  arc,  and  regarding  this 
as  the  distance  which  has  to  be  compared  with  that  between  the 
disc  and  the  standard.  A  constant  allowance  has  to  be  made  for 
the  absorption  of  the  mirror,  which  for  a  certain  angle  varies  with 
different  samples  of  glass.  It  is  obviously  necessary  that  the  arc 
should  be  so  screened  that  none  of  the  rays  fall  direct  upon  the 
disc,  and  that  the  angle  of  the  mirror  should  be  kept  fixed 
With  a  very  powerful  arc  it  would  be  possible  to  diminish  the 
percentage  of  the  rays  falling  upon  the  disc,  by  placing  the  lamp 
at  a  greater  angle  than  that  of  90°  with  the  scale  board  or  the 
axis  of  the  disc.  A  fresh  constant  would  then  have  to  be  employed, 
in  accordance  with  the  law  that  the  intensity  of  illumination  which 
is  received  obliquely  is  proportional  to  the  cosine  of  the  angle 
which  the  luminous  rays  make  with  the  normal  to  the  surfisice, 
allowance  being  also  made  for  the  increased  loss  due  to  absorption. 
Considerable  difificulty  is,  however,  experienced  in  comparing  arc 
and  incandescent  lamps  owing  to  the  greater  percentage  of  blue 
rays  in  the  former,  and  it  is  only  after  long  practice  that  the 
comparison  can  be  made  with  any  degree  of  confidence. 

Where  the  space  can  be  afforded,  a  photometer  room  should 
be  provided,  and  fitted  with  opaque  blinds,  so  that  all  extraneous 
rays  can  be  excluded.  The  room,  when  candles  or  comparison 
flames  are  employed,  should  be  free  from  draughts  and  vibration. 
In  commencing  Chapter  XV.  it  was  remarked  that  illumination 
is  the  whole  object  of  lighting,  and  it  behoves  us  now  to  study, 
albeit  briefly,  a  few  of  the  points  in  connection  with  illumination. 
By  illumination  is  meant  the  amount  of  light  falling  upon,  say, 
each  square  foot  of  the  surface  to  be  illuminated,  and  this  amount 
is  of  course  quite  independent  of  the  nature  of  that  surface.  The 
rays  which  thus  fall  upon  a  body  may  be  either  reflected,  absorbed, 
or  transmitted.  No  surface  reflects  all  the  rays  incident  upon  it, 
nor  is  any  substance  so  transparent  as  to  transmit  all  the  rays 
without  loss.  Such  a  substance,  could  we  find  one,  would  be 
invisible,  since  bodies  which  are  not  themselves  illuminants  or 
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sources  of  light  are  seen  only  by  reflected  light,  and  those  bodies 
are  brightest  which  reflect  the  greatest  proportion  of  the  rays  which 
fall  upon  them.  Few,  if  any  substances,  are  truly  white,  for  to  be 
so  they  must  be  capable  of  reflecting  rays  of  every  hue  equally. 
Most  bodies,  however,  absorb  rays  of  one  colour  more  readily 
than  those  of  another,  and  such  bodies  are  only  visible  in  virtue 
of  the  rays  which  they  reflect.  A  boiled  lobster,  for  instance, 
reflects  red  rays  readily,  but  absorbs  the  blue  rays.  If,  therefore, 
it  were  placed  in  a  room  lighted  from  without,  and  in  lighting  which 
all  the  rays  had  to  pass  through  windows  of  cobalt  blue  glass 
(which  absorb  the  red  rays),  all  the  rays  incident  upon  the  lobster 
would  be  absorbed,  and  it  would  therefore  be  almost  black  or 
devoid  of  colour.  If  a  pinch  of  salt  be  burned,  it  will  tinge  the 
room  with  yellow — that  is  to  say,  there  will  be  such  a  prepon- 
derance of  yellow  rays  that  every  object  capable  of  reflecting 
yellow  rays  will  assume  that  hue.  Although,  therefore,  we  may 
measure  the  illumination  of  a  body  by  the  quantity  of  light  faHing 
upon  it,  we  must  estimate  the  visibility  or  luminosity  of  such  a 
body  by  the  proportion  of  the  illuminating  rays  which  are  reflected 
from  it,  and  on  page  692  we  give  a  table  of  the  reflecting  powers  of 
a  number  of  substances.  Most  objects  are  viewed  by  diffused 
light — that  is  to  say,  by  rays  which  have  been  reflected  from  surface 
to  surface  several  times  before  they  reach  the  eye.  The  best 
example  of  this  is  sunlight.  The  solar  rays  are  reflected  from 
roads,  houses,  &c.,  into  the  rooms,  and  from  object  to  object  in 
those  rooms,  sufiiering  perhaps  hundreds  of  reflections  prior  to 
their  impinging  upon  the  retina.  It  will  be  manifest  that  were 
we  dependent  upon  the  direct  illumination  of  objects  by  the  sun, 
rooms  facing  due  north  would  be  in  perennial  darkness,  while  on 
a  cloudy  day  we  should  be  altogether  without  light  other  than  that 
derived  from  artificial  sources. 

The  illumination  of  a  body  depends  upon  two  factors,  viz.  the 
quantity  of  light  emitted  by  the  illuminant,  and  the  distance 
between  that  illuminant  and  the  body  illuminated.  The  unit  of 
illumination  which  is  more  generally  accepted  is  the  candle-foot^ 
and  it  is  that  amount  of  light  falling  upon  a  body  at  a  distance  of 
one  foot  from  a  standard  candle  ;  as  the  intensity  of  light  varies 
inveisely  as  the  square  of  the  distance  from  the  source  of  light, 
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• 
it  follows  that  were  an  object  placed  at  a  distance  of  two  feet  from 
a  standard  candle  its  illumination  would  be  one-quarter  of  a  candle- 
foot.  It  has  been  estimated  by  Mr.  Trotter  that  the  illumination 
due  to  the  sun  on  a  bright  day  in  the  streets  of  London  is  equal 
to  thirty  candle-feet,  while  the  maximum  in  the  street  best  lighted 
by  arc  lamps  is,  on  the  pavement,  but  little  in  excess  of  one-half 
of  a  candle-foot.  One  candle  foot  is  a  convenient  illumination  for 
comfortable  reading.  The  number  and  distribution  of  incan- 
descent lamps  to  be  employed  in  lighting  any  given  room  or 
building  is  a  matter  of  some  importance,  although  the  efficiency 
is  frequently  governed  to  a  very  great  extent  by  local  requirements, 
structural  details,  and  questions  of  taste.  Whatever  may  be  its 
ultimate  destiny  the  electric  light  has  been  up  to  the  present 
more  or  less  of  a  luxury,  and  in  the  great  majority  of  cases  has 
had  to  be  paid  for  as  such ;  accordingly,  it  is  essential  that  the 
installation  engineer,  to  be  successful,  should  have  a  certain 
amount  of  artistic  instinct,  and  it  is  to  the  absence  of  this  that 
the  many  hideous  fittings  and  the  want  of  effectiveness  so  frequendy 
seen  in  installations  are  to  be  attributed.  Naturally  the  man  who 
designs  the  installation  is  before  all  things  an  engineer,  and  one 
whose  chief  object  is  to  get  the  greatest  amount  of  light  for  a  given 
expenditure  of  energy,  so  that  unless  a  desire  is  definitely  ex- 
pressed to  the  contrary,  naked,  clear-glass  bulbs  are  almost  sure 
to  be  used,  and  frequently  so  arranged  that  the  intensely  brilliant 
and  often  dazzling  filament  directs  its  rays  on  to  the  face  of  the 
occupant  of  the  room.  For  internal  domestic  lighting  no  sane 
man  would  dream  of  employing  a  naked  gas  flame,  and  it  is  not 
at  all  exceptional  for  the  globes  which  are  usually  employed,  to 
absorb  60  or  even  75  per  cent,  of  the  light  emitted,  and  electric 
light  engineers  should  reconcile  themselves  to  this,  and  be  content , 
to  sacrifice  something  to  comfort  and  appearance.  It  is  not  at 
all  fair  to  compare  an  unscreened,  incandescent  lamp  with  a  shaded 
gas  flame,  and  say  that  the  16  candle-power  incandescent  lamp 
gives  out  two,  three,  or  four  times  as  much  light  as  the  gas  flame. 
Nevertheless,  this  manifestly  objectionable  comparison  is  frequently 
made.  As  the  intensity  of  illumination  varies  inversely  as  the 
square  of  the  distance  from  the  illuminant,  it  will  often  become  a 
serious  question  whether  it  is  preferable  to  place  unscreened  lamps 
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with  reflecting  shades  high  up,  or  to  place  screened  lamps,  or  lamps 
with  *  frosted '  bulbs,  low  down.  Or  again,  more  especially  in  small 
rooms,  a  more  uniform  distribution  of  light  will  be  obtained  from 
four  8  candle-power  lamps  than  from  two  of  16  candle-power, 
although  the  prime  cost  for  wiring  and  fittings  will  be  heavier. 
An  obscured  or  frosted  globe,  although  it  absorbs  more  of  the 
rays  than  does  a  clear  globe,  gives  a  better  effect,  and  as  the  pupil 
of  the  eye  contracts  when  looking  at  the  comparatively  dazzling 
light  of  the  unscreened  filament,  it  is  possible  that  the  number  of 
rays  which  actually  enter  the  eye  will  differ  but  little  in  the  two 
cases.  The  filament  in  a  frosted  lamp  is  invisible,  and  the  com- 
paratively large  bulb  looks  very  much  as,  though  it  is  in  reality 
the  source  of  light,  and  the  luminous  area  being  thus  enlarged 
the  luminous  intensity  is  reduced,  and  the  contrast  between  the 
source  of  light  and  the  lighted  objects  is  less  striking.  With  an 
ordinary  unscreened  gas  flame  a  room  looks  very  poorly  lighted 
in  comparison  with  the  efiect  produced  by  placing  a  globe  over 
the  burner,  although  we  know  as  a  matter  of  fact  that  there  is  less 
light  emitted  in  the  latter  case  than  in  the  former.  Moreover,  the 
distribution  from  a  lamp  with  a  ground-glass  bulb  is  very  different 
from  that  obtained  with  a  clear  one.  We  may,  in  fact,  look  upon 
a  sheet  of  ground  glass  as  being  composed  of  an  almost  infinite 
number  of  small  and  irregular  prisms.  Rays  from  every  point  of  the 
filament  impinge  upon  every  portion  of  the  glass,  and  then  passing 
through  different  thicknesses  of  the  bulb  they  undergo  refraction 
to  such  an  extent  that  practically  each  little  prism  becomes  a 
separate  and  distinct  source  of  light,  its  rays  passing  out  in 
every  conceivable  direction.  Of  course  if  the  lamp  is  actually  out 
of  the  range  of  the  eye,  clear  globes  should  be  used,  so  that  the 
•  objects  in  the  room,  which  have  no  contracting  pupil  and  which 
are  seen  only  by  reflected  light,  may  receive  the  maximum  number 
of  rays. 

It  does  not  always  follow  that  anything  approaching  very 
closely  to  uniformity  in  illumination  is  required  for  internal  work. 
For  example,  in  an  office  the  light  is  wanted  over  the  tables  or 
desks,  and  not  on  the  floor  between  them ;  in  dining-rooms  the 
light  is  required  over  the  tables  rather  than  on  the  walls.  Where 
uniform  illumination  is  required  in  a  room  with  fairly  light  walls, 
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and  with  lamps  seven  and  a  half  or  eight  feet  above  the  floor,  a 
good  rough  rule  is  to  allow  from  three  quarters  to  one  watt  per 
square  foot  of  floor  space.  With  lamps  of  good  average  efficiency 
the  smaller  value  is  sufficient  for  comfortable  reading.  On  the 
I  watt  basis  a  room  would  require  a  16  c.p.  lamp  for  every  sixty 
square  feet  of  floor  space— assuming,  that  is,  that  this  lamp  takes 
60  watts.  A  great  deal,  however,  depends  upon  the  colour  and 
surface  of  the  surroundings.  Dull  and  dark  surfaces  absorb  a 
very  large  proportion  of  the  luminous  rays  which  impinge  upon 
them  and  convert  them  into  heat,  while  light  and  smooth  surfaces 
reflect  them  freely,  and  by  repeated  reflections  add  considerably 
to  the  illumination  of  the  room.  Dr.  Sumpner  has  published 
the  following  table,  showing  the  reflecting  powers  of  a  number 
of  substances  with  which  he  experimented. 

Table  of  Reflecting  Powers 


Pe 

r  cent. 

Percent 

White  blotting  paper 

.      82 

Deep  chocolate-coloured  paper  .      4 

White  cartridge  paper 

80 

Plain  deal  (clean)      .         .    40  to  50 

Tracing  cloth    . 

35 

„         (dirty)      .         .         .     20 

Tracing  paper  . 

22 

Yellow  cardboard      .         .         .30 

Ordinary  foolscap 

.     70 

Parchment  (one  thickness)          .     22 

Newspapers       .         .         .50 

to  70 

„          (two  thicknesses)      .     35 

Tissue  paper  (one  thickness) 

.     40 

Yellow  painted  wall  (dirty)         .     20 

,,         ,,       (two  thicknesses) 

.     55 

„            „         (clean)        .     40 

Yellow  wall  paper     . 

•     40 

Black  cloth       .         .         .         .1-2 

Blue  paper 

•     25 

Black  velvet      .         .         ,         .04 

Dark  brown  paper 

■     13 

It  thus  appears,  says  Dr.  Sumpner,  that  even  a  dull-looking 
wall  will  reflect  as  much  as  20  per  cent,  of  the  light  incident  upon 
it.  A  wall  of  ordinary  tint  reflects  from  40  to  50  per  cent.,  while 
a  good  white  surface  reflects  over  80  per  cent.  A  clean  white- 
washed ceiling  reflects  as  much  light  as  an  ordinary  mirror,  for 
although  extremely  good  mirrors  may  be  obtained  which  will 
reflect  as  much  as  90  per  cent,  of  the  light  incident  upon  them, 
measurements  made  with  common  mirrors  do  not  show  a  greater 
reflecting  power  than  82  per  cent.  A  room  with  its  surfaces  well 
whitewashed  thus  needs   only  one-fifth  of  the  candle-power  to 
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produce  any  given  amount  of  illumination  that  it  would  need  if 
its  walls,  ceiling,  &c.,  were  all  painted  black. 

The  student  will  not,  therefore,  be  surprised  to  learn  that  it  is 
no  unusual  experience  to  find  that  while  one  room  may  be  uni- 
formly well  lighted  with  an  expenditure  of  three-quarters  of  a 
watt  per  square  foot,  another  room  will  be  but  dimly  lighted  with 
an  expenditure  of  i^  or  even  2  watts. 
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CHAPTER  XVII. 

INSTALLATION   EQUIPMENT,    FITTINGS,    ETC. 

One  of  the  most  important  details  to  be  considered  in  connection 
with  an  electric  light  plant  is  the  means  to  be  adopted  for  trans- 
ferring the  energy  from  the  generator  to  the  lamp.  In  tel^raphy 
it  is  a  matter  of  secondary  importance  whether  the  line  connect- 
ing the  sending  and  the  receiving  stations  measures,  say,  2,000  or 
2,500  ohms  in  resistance,  the  number  of  primary  cells  employed 
for  working  the  wire  being  simply  varied  according  to  this  re- 
sistance. Consequently,  unless  a  high-speed  system  of  working 
is  to  be  adopted,  good  iron  wire  answers  every  purpose,  for  it  is 
a  fairly  good  conductor,  it  is  mechanically  strong,  and  it  is  cheap. 
For  high-speed  working,  copper  is  resorted  to  because  the  electro- 
magnetic inertia  of  iron  is  too  great  to  permit  the  necessarj- 
rapidity  of  current  alternation. 

In  electric  lighting,  copper  is  always  employed  for  the  con- 
ductor. The  current  to  be  carried  is  usually  very  strong  or  heav)-, 
and  it  is  imperative  that  the  loss  of  energy  due  to  the  resistance 
of  the  conductor  should  be  brought  down  to  the  lowest  practi- 
cable limit.  Were  iron  to  be  employed,  it  would  be  necessary-  to 
give  it  six  times  the  sectional  area  of  the  copper  to  obtain  the 
same  conductivity,  and  an  iron  wire  or  rod  of  such  dimensions  as 
it  would  be  frequently  necessary  to  employ,  would  be  too  rigid 
for  handling  and  bending.  It  would  be  necessary  to  make  it  in 
definite  lengths  and  then  to  connect  these  lengths  together  at  the 
place  where  they  are  to  be  used.  But  such  a  rod  would  also  pre- 
sent very  many  additional  difficulties  in  the  way  of  insulation,  and 
add  considerably  to  the  cost  of  that  portion  of  the  work.  In 
fact,  an  insulated  iron  conductor  would  be  considerably  more 
expensive  than  one  of  copper  offering  the  same  resistance.    The 
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recently  extended  use  of  rapidly  alternating  currents  is  another 
reason  against  the  employment  of  iron  conductors. 

It  will  be  seen,  from  a  study  of  the  table  given  on  p.  22,  that 
the  choice  of  materials  for  electrical  conductors  of  any  kind  is 
really  limited  to  the  two  metals  above  mentioned,  viz.  copper  and 
iron  ;  so  that  for  electric  lighting  work  we  have  no  alternative  but 
to  use  copper. 

The  accompanying  table  concerning  the  various  sizes  of 
copper  wire  generally  employed  gives  some  instructive  details.  It 
Avill  be  seen  that  most  of  these  conductors  are  made  up  of  a 
number  of  comparatively  small  wires  stranded  together,  the  chief 
objects  being  to  impart  greater  flexibility  and  to  reduce  the  risk  of 
complete  fracture. 

Now,  as  in  overcoming  the  resistance  of  a  conductor  electrical 
power  is  wasted,  and  as  it  costs  money  to  develop  electrical 
power,  it  is  evident  that  in  any  commercial  system  such  waste 
must  be  kept  down  to  a  minimum.  This  can  be  done  by  simply 
reducing  the  resistance,  that  is,  by  increasing  the  size  of  the  con- 
ducting wires  ;  but  as  this  also  is  an  expensive  matter,  care  must 
be  taken  that  the  addition  thus  made  to  the  expenditure  in  con- 
ductors is  not  so  excessive  as  to  more  than  counterbalance  the 
cost  of  the  power  continually  being  saved.  It  has  been  laid  down 
as  a  general  rule,  that,  for  the  transmission  of  any  given  current, 
the  size  of  the  conductor  most  economical  to  employ  is  one  offer- 
ing such  a  resistance  that  the  cost  of  the  energy  wasted  per  annum 
in  heating  the  conductors  should  be  equal  to  the  interest  per 
annum  on  the  original  outlay  upon  them.  Knowing  the  average 
current  to  be  transmitted,  it  becomes  easy  to  find  the  average 
electrical  horse-power  wasted  in  a  conductor  of  any  given  re- 
sistance ;  but  the  cost  of  developing  a  horse-power  depends  upon 
many  conditions,  principally  local,  such  as  the  cost  of  fuel,  at- 
tendance, rental,  repairs,  prime  cost  and  efficiency  of  the  plant. 
And  with  regard  to  the  conductors  themselves,  it  must  be  re- 
membered that  it  is  not  merely  a  question  of  the  quantity  and 
price  of  the  copper  employed,  but  also  of  the  insulation  and 
laying. 

Most  main  conductors  are,  in  England,  placed  underground, 
and  in  many  cases  the  cost  of  laying  considerably  exceeds  the 
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actual  cost  of  the  wire.    Further,  although  the  resistance  of  a  wire 
one  inch  in  diameter  is  only  one-fourth  of  that  of  a  wire  half  an 
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inch  in  diameter,  it  does  not  cost  anything  like  four  times  as 
much,  nor  even  twice  as  much,  to  lay  the  thicker  wire  as  it  does  to 
lay  the  thinner,  for  the  labour  of  removing  and  replacing  the 
paving,  earth,  &c.,  would  be  almost  the  same  in  both  cases. 
Again,  the  insulation  of  the  wire  is  an  important  and  expensive 
item,  which  does  not  increase  so  rapidly  as  the  resistance  of  a 
wire  is  reduced  by  an  increase  in  its  size  ;  so  that  it  does  not  by 
any  means  follow  that  a  given  reduction  in  resistance  entails  a 
proportionate  increase  in  expense,  and  it  becomes  impossible  to 
lay  down  any  hard  and  fast  rule  which  shall  determine  the  exact 
size  of  conductor  for  any  given  case. 

It  may  be  noticed  incidentally,  that  when  the  diameter  of  a 
round  conductor  is  doubled,  although  its  sectional  area  and  there- 
fore its  conductivity  is  increased  fourfold,  its  surface  is  only 
doubled.  Therefore,  if  a  current  of  four  times  the  strength  is 
passed  through  it,  the  heat  developed  will  be  four  times  as  great 
(since  power  wasted  =  c^r),  while  the  surface  at  which  radiation 
takes  place  has  only  been  doubled.  The  temperature  of  the 
thicker  wire  will  consequently  rise  higher  than  that  of  the  thinner 
one,  when  they  carry  currents  in  proportion  to  their  conduc- 
tivities. A  wire  employed  for  the  purpose  of  transmitting  current 
to  lamps  or  motors  should  never  be  so  small  that  the  maximum 
current  transmitted  can  appreciably  raise  its  temperature ;  but  for 
other  special  cases  it  may  be  noted  that  one  advantage  attending 
the  use  of  bare  conductors  is  the  greater  facility  afforded  by 
them  for  the  radiation  of  heat  as  compared  with  covered  con- 
ductors. 

So  many  considerations,  mostly  special  for  every  particular 
case,  enter  into  the  question  of  the  best  size  and  shape  of  the 
conductor  consistent  with  strict  economy,  that  we  cannot  discuss 
the  matter  fully  here.  But  with  regard  to  the  reduction  of  re- 
sistance by  the  employment  of  high  conductivity  copper,  it  should 
be  noticed  that,  as  the  presence  of  a  minute  quantity  of  foreign 
matter  causes  such  a  great  increase  in  the  resistance  of  this  metal, 
it  is  always  economical  to  use  the  purest  copper  obtainable  com- 
mercially. 

In  systems  of  distribution  of  electrical  power  by  means  of  a 
constant  current,  the  question  is  comparatively  simple,  as  the 
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current  employed  is  not  a  heavy  one,  and  has  the  same  value  at 
all  times  and  in  all  parts  of  the  circuit.  The  chief  difficulty  likely 
to  arise  is  in  providing  for  future  extensions  of  the  system  when 
the  potential  difference  which  can  be  applied  at  the  ends  of  the 
circuit  is  limited. 

The  more  interesting  and  more  difficult  problem  consists  in 
the  supply  of  current  to  lamps,  or  other  apparatus,  at  a  constant 
potential ;  for  then  the  main  conductors  have  to  carry  a  very 
heavy  and  variable  current.  The  matter  becomes  more  difficult 
if  the  lamps  are  distributed  over  a  wide  area,  or  are  situated  at  a 
distance  from  the  generating  station.  As  has  been  pointed  out  in 
Chap.  XIII.,  the  power  wasted  may  in  such  cases  be  reduced  to 
a  minimum,  by  transmitting  it  in  the  form  of  a  small  current  at 
high  pressure,  and  reducing  the  pressure  at  the  required  point,  to 
a  suitable  value.  But  such  a  system  has  its  disadvantages.  Al- 
though the  cost  of  the  copper  is  greatly  reduced,  the  high  potential 
difference  employed  demands  very  efficient  and  expensive  insula- 
tion, the  engines  and  dynamos  must  always  be  kept  running,  and 
when  very  little  power  is  being  demanded  the  efficiency  of  the 
transformers  and  of  the  whole  system  falls  to  a  low  value.  For 
even  when  the  secondary  circuit  of  a  parallel  transformer  is  dis- 
connected, some  current  passes  through  the  primary,  and  when 
only  one  or  two  lamps  are  joined  up,  the  power  appearing  in  the 
secondary  may  be  but  a  comparatively  small  fraction  of  that 
absorbed  by  the  primary.  When  the  number  of  transformers  is 
large,  the  total  power  wasted  becomes  considerable  during  the 
times  when  little  or  no  light  is  required. 

In  the  other  method  of  distribution  by  means  of  continuous 
currents  direct  from  the  dynamo  to  a  number  of  lamps  all  joined 
up  in  parallel,  the  chief  problems  to  be  faced  are  the  heavy  loss 
occurring  in  the  mains  and  the  difficulty  of  regulating  the  supply  to 
each  lamp. 

Such  an  arrangement  is  indicated  by  the  diagram  in  fig.  322, 
where  d  represents  a  dynamo  capable  of  maintaining  a  constant 
potential  difference  at  its  terminals  ;  a  and  b,  the  main  leads  from 
the  machine  to  the  nearest  lamp ;  and  e,  f  the  continuation  of 
those  leads,  between  which  the  lamps  are  placed.  Suppose  there 
to  be  100  lamps  so  joined  in  parallel,  each  requiring  a  current 


Digitized 


by  Google 


CHAP.  XVII.  Distributtofi  699 

of  half  an  ampere,  and  a  potential  difference  at  its  extremities  of 
no  volts.  The  total  current  supplied  by  the  dynamo  with  all 
the  lamps  in  use  would  be  50  amperes,  and  this  current  would 
have  to  be  carried  by  the  main  leads  a  and  b.  Supposing  the 
resistance  of  a  and  b  to  be  one-tenth  of  an  ohm,  the  power  wasted 
in  overcoming  this  resistance  would  be  250  watts,  and  the  con- 
sequent fall  of  potential  5  volts.  Therefore  the  machine  must 
develop  at  least  115  volts  at  its  terminals  in  order  to  maintain  no 
volts  at  the  nearest  lamp. 

Now  a  further  fall  of  potential  would  take  place  along  the 
more  distant  mains,  e,  f  ;  suppose  this  to  amount  to  10  volts, 
then  the  pressure  at  the  most  distant  lamp  would  only  be  100 
volts,  while  if  this  were  raised  to  the  desired  value  of  no  volts  by 

Fig.  32a. 
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an  increase  at  the  dynamo,  the  nearest  lamp  would  then  be  work- 
ing at  120  volts,  or  10  volts  above  its  proper  pressure.  Even 
ignoring  the  waste  of  power,  such  a  difference  could  not  be  per- 
mitted if  similar  lamps  were  used  throughout  the  system,  as  some 
would  be  giving  far  above  and  others  far  below  their  normal  candle- 
power. 

It  would,  however,  be  practicable,  but  very  inconvenient,  to 
employ  different  types  of  lamp,  placing  those  made  to  run  at  no 
volts  at  the  end  near  the  dynamo,  and  others  constructed  for  100 
volts  at  the  further  end  of  the  line,  and  so  on.  But  even  then,  if 
the  dynamo  were  perfectly  regulating— that  is  to  say,  capable  of 
maintaining  a  constant  potential  difference  at  the  brushes  under 
all  circumstances — the  potential  at  the  far  end  of  the  mains  would 
rise  considerably  when  any  number  of  the  nearer  or  intermediate 
lamps  were  cut  out  of  circuit. 
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Referring  again  to  the  figure,  it  will  be  observed  that  the  mains 
at  any  one  point  only  carry  a  current  equal  to  that  required  by  all 
the  lamps  beyond  that  point.  Thus,  while  the  portions,  a,  b,  take 
the  whole  current,  those  portions  between  the  last  lamp  and 
the  last  but  one  carry  only  half  an  ampere.  The  size  of  the 
mains  might,  therefore,  be  reduced  by  one  hundredth  as  every 
lamp  is  passed,  and  the  same  density  of  current  in  the  conductor 
be  retained.  This  is  equivalent  to  bunching  loo  wires  together  to 
form  the  main,  and  taking  out  one  of  them  at  every  lamp.     If  the 

1  GO  wires  were  separately  insulated — that  is  to  say,  if  a  separate 
lead  and  return  wire  were  used  between  the  machine  terminals 
and  each  lamp— the  pressure  at  the  ends  of  these  leads  would  be 
constant ;  and  since  the  resistance  in  each  independent  lamp 
circuit  is  also  constant,  the  pressure  at  each  lamp  would  be 
unaltered  by  any  variation  in  the  number  thrown  in  circuit.  This 
forms  a  means  of  maintaining  a  perfect  regulation,  although  of 
course  the  actual  pressure  at  the  lamp  would  depend  upon  the 
resistance  of  its  particular  leads.  Great  as  are  the  advantages  of 
such  a  method,  the  expense  would  forbid  its  being  employed  in 
an  installation  extending  over  a  large  area.  It  will  be  seen,  how- 
ever, that  with  ordinary  mains,  if  the  resistance  is  sufficiently  low 
to  make  the  fall  of  potential  very  small,  then  the  variation  which 
would  take  place  in  the  potential  difference  at  the  extreme  end 
of  the  circuit  becomes  negligibly  small.     An  extreme  variation  of 

2  volts  might  be  allowed,  and  then,  by  maintaining  the  normal 
pressure  of  no  volts  near  the  middle  of  the  system,  the  nearest 
lamp  would  have  but  in  volts  and  the  furthest  109. 

It  is  necessary  to  be  able  to  observe  in  the  engine-room  the 
pressure  existing  at  the  far  and  near  ends  of  the  mains  at  any 
moment,  so  as  to  be  able  to  keep  one  point  as  much  below 
as  the  other  is  above  the  normal  pressure  ;  and  this  can  be  done 
by  leading  *  pilot-wires '  from  the  mains  at  those  points  to  a  volt- 
meter placed  at  the  generating  station. 

For  instance,  in  fig.  322,  a  thin  wire  might  be  led  from  the 
point  a  and  another  from  ^,  each  to  one  terminal  of  the  volt- 
meter, which  would  afford  an  indication  of  every  variation  at  the 
extreme  end  of  the  mains.  A  second  pair  of  pilot-wires  might  be 
led  from  the  nearest  lamp ;  or  by  leading  one  pair  only,  connected 
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to  the  mains  at  the  centre  of  the  system,  and  keeping  the  potential 
there  at  no  volts,  a  good  average  regulation  might  be  maintained. 

At  an  installation  at  Kensington  Court,  several  thousand  100- 
volt  lamps  are  run  in  parallel,  batteries  of  secondary  cells  being 
used  in  conjunction  with  the  dynamos,  for  regulating,  and  assisting 
the  machines  to  meet  any  large  demand.  Several  circuits  branch 
out  from  the  engine-house,  some  of  the  lamps  being  900  yards 
distant.  At  the  extreme  ends  of  all  the  mains,  a  pressure  of  100 
volts  is  maintained,  while  that  at  the  nearest  lamp  does  not  exceed 
102  volts.  A  pair  of  thin  wires  is  led,  as  mentioned  above,  from 
the  end  of  the  mains,  to  a  voltmeter  in  the  engine-house,  and 
when  this  instrument  indicates  a  fall  of  potential  (caused  by  the 
switching  in  of  more  lamps)  the  attendant  immediately  switches 
one  or  two  secondary  cells  on  to  that  pair  of  mains,  in  series  with 
the  existing  cells,  thus  raising  the  pressure  to  the  required  value  ; 
the  cells  being  of  course  cut  out  when  the  voltmeter  indicates  a  rise 
of  potential.  The  mains  employed  in  this  case  consist  partly  of 
ordinary  insulated  cable,  and  partly  of  bare  copper  conductors 
stretched  over  porcelain  insulators,  in  concreted  channels. 

Although  on  a  simple  parallel  system  of  distribution,  the  ar- 
rangement is  such  that  the  whole  of  the  lamps  are  connected  in 
parallel  between  the  two  mains,  it  is  evidently  impracticable  to 
join  them  directly  across  (as  indicated  in  the  case  of  the  nearest 
and  furthest  lamps  in  fig.  322),  when  the  mains  are  carried  under 
the  roadway.  It  is  necessary  to  lead  a  wire  from  each  main  to 
every  group  of  lamps,  say  to  every  house  supplied,  in  the  manner 
indicated  at  M,  n.  The  higher  potential  mains  are  throughout 
marked  H-,  and  the  lower  potential,  or  return  wires,  — .  These 
subsidiary  mains  should  be  proportioned  in  size  according  to  the 
number  of  lamps  to  be  supplied  by  them. 

It  is  not  practicable,  however,  to  sufficiently  reduce  the  resist- 
ance of  a  single  pair  of  mains  leading  direct  from  the  dynamo  to 
maintain  even  approximately  a  constant  pressure  at  all  the  lamps 
if  they  are  distributed  over  a  large  area  ;  a  method  of  facilitating 
regulation  in  such  a  case,  by  the  employment  of  subsidiary  mains 
which  feed  the  mains  proper  at  certain  points,  but  are  not  them- 
selves tapped  by  lamp-circuits,  will  be  described  later  on. 

The  method  of  employing  a  battery  of  secondary  cells  so  as  to 
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assist  in  the  regulation,  or  in  the  maintenance  of  a  constant 
potential,  is  indicated  in  fig.  322,  where  s  represents  such  a  batter}-. 
The  cells  are  joined  in  parallel  with  the  dynamo,  and  are  charged 
by  it  without  any  alteration  in  the  connections  being  necessitated. 

The  interactions  between  the  two  generators — the  dynamo 
and  the  battery — may  be  embraced  under  three  heads,  (a)  When 
the  E.M.F.  of  the  battery  is  less  than  the  potential  difference  at  the 
dynamo  terminals,  the  machine  is  supplying  current  to  the  lamps 
and  at  the  same  time  charging  the  cells,  the  strength  of  the  cur- 
rent passing  through  the  cells  depending  upon  the  excess  of  the 
potential  difference  maintained  by  the  machine  over  the  e.m.f. 
of  the  cells,  {b)  When  the  e.m.f.  of  the  cells  becomes  equal  to 
the  potential  difference  at  the  machine  terminals,  both  generators 
are  equally  active  in  feeding  the  lamp  circuit  {c)  When  the 
E.M.F.  of  the  cells  rises  above  the  normal— that  is,  above  that 
potential  difference  which  is  required  to  be  maintained  at  the 
terminals  of  the  generators  in  order  to  maintain  the  right  pressure 
at  the  lamps— then  the  battery  not  only  feeds  the  lamp-circuit, 
but  raises  the  pressure  at  the  machine  terminals.  This  rarely 
happens,  but,  the  machine  being  shunt-wound,  the  effect  is  to  in- 
crease the  current  through  the  field  coils,  giving  a  stronger  field, 
which  again  tends  to  increase  the  e.m.f.  developed.  When  the 
potential  difference  thus  rises,  it  becomes  necessary  to  cut  out  one 
or  two  cells  to  prevent  the  pressure  rising  sufficiently  high  to  injure 
the  lamps.  A  suitable  switch  (such  as  that  illustrated  in  fig.  275)  is 
employed  for  this  purpose,  and  the  regulation  effected  by  an  atten- 
dant in  accordance  with  the  indications  of  the  voltmeter. 

It  will  be  remembered  that  if  the  engine  should  break  down, 
the  cells  would  drive  the  shunt  machine  as  a  motor  in  the  same 
direction  ;  but  an  automatic  cut-out  should  be  provided  to  cut  off 
the  dynamo  when  the  back-current  from  the  cells  exceeds  a  certain 
limit.  A  piece  of  apparatus  capable  of  performing  these  operations 
was  described  in  Chap.  XIV. ;  it  disconnects  the  machine  when 
from  any  cause  its  potential  difference  falls  materially  below  the 
E.M.F.  of  the  cells.  Under  such  circumstances  the  cells  would  be 
called  upon,  and  should  be  able,  to  run  even  the  whole  of  the 
lamps  for  a  short  period,  or  a  portion  of  them  for  a  considerable 
time. 
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It  also  becomes  possible  to  economise  power  and  the  expense 
of  attendance,  by  only  running  the  machine  during  the  hours  when 
the  demand  is  a  maximum,  allowing  the  cells  to  supply  current  to 
the  few  lamps  required  at  other  times. 

It  may  occur  to  the  student  that  a  considerable  saving  in  the 
mains  would  be  effected  by  joining  groups  of  lamps  in  series, 
between  the  mains,  all  the  groups  being  thus  placed  in  parallel. 
This  is  so  ;  for  if  the  lamps  were  placed  in  sets  of  four  in  series, 
the  potential  difference  between  the  mains  would  be  four  times 
that  at  the  ends  of  one  lamp,  say  400  volts  instead  of  100.  By 
this  means  the  maximum  current  in  the  mains  would  be  reduced 
to  one-fourth,  and  the  weight  of  copper  correspondingly  reduced, 
to  give  the  same  rate  of  loss  of  power. 

But  some  serious  difficulties  arise  in  connection  with  such  a 
system  ;  for  instance,  if  the  filament  of  one  lamp  in  a  set  breaks, 

Fig.  323. 
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the  other  three  lamps  in  that  set  are  immediately  extinguished  ; 
and  if,  to  remedy  this,  the  faulty  lamp  is  merely  short-circuited, 
the  remaining  three  get  too  much  current,  and  may  also  be 
damaged.  Of  course  a  device  may  be  adopted  to  automatically 
switch  in  a  second  lamp,  or  to  replace  the  broken  one  by  a  resist- 
ance equal  to  it ;  but  the  latter  arrangement  is  undesirable  on 
account  of  the  waste  of  power ;  and  in  either  case  the  extra 
fittings  cause  additional  trouble  and  expense. 

The  same  objection  arises  in  the  ordinary  case  of  switching  out 
one  of  a  batch  of  lamps. 

But  even  if  the  lamps  are  joined  in  sets  of  only  two  in  series, 
a  considerable  saving  is  effected  ;  and  a  method  by  which  this 
can  be  done,  without  introducing  any  of  the  difficulties  referred 
to,  is  indicated  by  the  diagram  in  fig.  323.  It  is  known  as  the 
*  three- wire  system.' 
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Two  equal  dynamos,  d,,  Dj,  are  joined  in  series,  and  con- 
nected to  the  mains,  a,  b,  in  the  ordinary  manner.  That  is  to 
say,  the  positive  terminal  of  d,  is  joined  to  the  positive  main,  a, 
and  the  negative  terminal  of  d^  to  the  main  b,  while  the  negative 
terminal  of  d,  is  coupled  to  the  positive  of  Dj.  Suppose  each 
machine  to  be  capable  of  maintaining  a  potential  difference  of 
no  volts ;  then  when  they  are  so  joined  in  series  they  maintain 
the  mains  a  and  b  at  a  difference  of  220  volts.  The  lamps  being 
joined,  two  in  series,  across  the  mains  as  indicated,  the  potential 
difference  at  the  extremities  of  one  of  them  is  no  volts.  A  third 
wire,  c,  much  smaller  than  the  mains,  connects  the  junctions  of 
the  pairs  of  lamps,  and  is  also  joined  to  the  junction  of  the 
dynamos. 

Now  when  the  number  of  lamps  between  a  and  c  is  the  same 
as  the  number  between  b  and  c,  the  potential  is  the  same  at  every 
point  along  the  wire,  c.  Hence  there  is  no  tendency  for  any 
current  to  flow  along  the  centre  wire  ;  it  might,  in  fact,  be  cut  at 
any  point,  or  removed  altogether,  without  in  any  way  affecting  the 
working  of  the  system.  But  when  the  lamps  on  either  side  of  ii 
are  made  unequal  in  number,  this  state  of  balance  no  longer 
exists.  Suppose  a  lamp  between  a  and  c  to  be  switched  out  of 
circuit ;  then  the  resistance  between  a  and  c  is  greater,  and  there- 
fore the  fall  of  potential  becomes  greater,  than  between  b  and  c. 
But  the  mains  a  and  b  are  kept  at  approximately  the  same 
potential  difference,  and  if  the  difference  between  a  and  c  is 
increased,  it  can  only  be  by  the  lowering  of  the  potential  of  c. 
The  effect  of  cutting  out  a  lamp  between  a  and  c,  then,  will  be  to 
lower  the  potential  of  c  near  the  point  where  the  lamp  is  discon- 
nected. But  the  potential  at  the  point  f  remains  unaltered  ;  con- 
sequently this  difference  of  potential  establishes  a  current  along 
the  wire  c,  from  the  junction  of  the  machines  to  the  lamps.  The 
strength  is  equal  to  that  which  flows  through  one  lamp  circuit ;  it 
may,  in  fact,  be  considered  as  the  current  which  passes  through 
the  additional  lamp  between  b  and  c.  If  a  lamp  between  b  and  c 
is  now  switched  out,  balance  is  again  restored,  and  no  current 
passes  along  c.  When  the  number  between  a  and  c  is  made  the 
greater,  the  difference  between  those  leads  is  lessened — that  is,  the 
potential  of  c  near  the  lamps  is  raised.     This  determines  the  flow 
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of  a  current yr^/«  the  lamps  to  the  junction  of  the  machines  along 
the  centre  wire.  If  the  whole  of  one  set  of  lamps  were  cut  out, 
then  the  centre  wire  would  have  to  carry  the  current  supplied  to 
all  the  lamps  in  the  remaining  set,  in  which  case  it  would  require 
to  be  as  large  as  the  other  mains  ;  in  some  cases  the  three 
mains  are  made  equal,  but  it  is  usually  possible  to  arrange  the 
lamps  so  that  this  extreme  case  would  never  happen.  Under 
favourable  conditions  the  current  which  the  centre  wire  has  to 
carry,  due  to  the  difference  in  the  number  of  lamps  on  either  side 
of  it,  may  be  made  comparatively  small ;  and,  consequently,  the 
wire  itself  can  be  made  much  smaller  than  the  mains  proper. 

It  has  been  proposed  to  provide  each  lamp  with  a  switch,  by 
means  of  which  it  may  be  joined  up  between  the  centre  wire  and 
either  main  ;  the  brighter  light  would  be  obtained  from  the  main 
which  already  had  the  smaller  number  of  lamps  joined  to  it,  and, 
consequently,  the  consumers,  in  their  anxiety  to  obtain  the  best 
light,  would  assist  in  the  regulation  of  the  system.  The  objection 
to  such  an  arrangement  is  that,  although  it  eflects  a  saving  in  that 
it  enables  the  middle  main  to  be  made  smaller,  it  necessitates 
three  wires  instead  of  two  being  led  to  every  lamp  switch,  as  well 
as  involving  a  slightly  more  expensive  type  of  switch. 

Secondary  cells  may  be  employed  in  conjunction  with  the 
machines,  as  indicated  in  the  diagram  ;  two  complete  sets  of  cells 
are  needed,  their  positive  and  negative  terminals  being  connected 
to  the  mains  and  to  the  centre  wire  in  the  same  manner  as  are  the 
dynamo  terminals.  The  principle  may  be  extended  to  a  four-  or 
even  a  five -wire  system,  but  such  methods  of  distribution  should 
only  be  adopted  when  the  area  to  be  lighted  is  sufficiently  exten- 
sive to  enable  the  saving  effected  in  the  cost  of  the  mains,  to  more 
than  balance  the  disadvantages  due  to  the  increase  in  the  cost  of 
the  plant  and  to  the  additional  complications. 

A  means  of  reducing  the  difficulty  of  maintaining  a  uniform 
potential  difference  along  lengthy  mains  is  afforded  by  the  use  of 
independent  conductors  connecting  various  points  in  the  circuit 
direct  with  the  generating  station,  and  these  subsidiary  leads  are 
termed  *  feeders.'  In  some  cases  the  mains  themselves  are  not 
connected  direct  with  the  generator,  the  whole  of  the  current 
being  supplied  to  them  at  suitable  points  by  way  of  the  feeders. 
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When  the  potential  difference  at  or  near  the  particular  point  to 
which  a  pair  of  feeders  is  connected  varies  (as  it  does,  with  a 
change  in  the  number  of  lamps  in  use),  this  difference  is  com- 
pensated for  by  correspondingly  varying  the  pressure  applied  to 
the  feeders,  or  by  some  other  means  varying  the  current  passing 
through  them.  When,  for  instance,  the  number  of  lamps  in 
circuit  is  increased,  the  pressure  bet>veen  the  mains  falls,  and 
more  current  is  required  to  be  supplied  by  the  feeders,  and  vice 
versa. 

It  becomes  necessary,  therefore,  to  provide  some  means  for 
promptly  indicating,  at  the  generating  station,  the  variations  of  the 
potential  difference  at  the  points  where  the  feeders  join  the  mains. 
This  is  readily  supplied  by  the  employment  of  pilot  wires,  after 
the  manner  already  described,  these  wires  being  simply  connected 
to  a  voltmeter.  When  the  instrument  shows  a  fall  of  potential  in 
the  vicinity  of  the  point  at  which  a  particular  pair  of  feeders  joins 
the  mains,  the  electrical  pressure  along  that  pair  of  feeders  is 
augmented  until  the  distant  point  is  raised  to  the  required 
standard.  On  the  other  hand,  should  the  potential  difference  in 
the  mains  rise,  then  that  on  the  feeders  must  be  reduced.  But 
economical  adjustment  in  this  way  is  somewhat  difficult  of  attain- 
ment. It  would,  for  example,  be  hardly  practicable  to  use  a 
separate  dynamo  for  each  pair  of  feeders,  and  to  continually  vary 
its  output  to  suit  the  demand.  It  is  preferable  to  use  one  or  more 
dynamos  connected  to  a  pair  of  *  omnibus '  bars,  from  which  the 
whole  of  the  feeders  radiate.  The  potential  difference  between 
these  bars  must  be  kept  equal  to  the  maximum  required,  and  the 
regulation  can  then  be  effected  by  inserting  resistance  or  countcr- 
electro-motive  force  in  the  respective  feeder  circuits. 

The  insertion  of  resistance  coils,  however,  while  it  is  effectual 
and  convenient,  is  wasteful.  A  more  economical  plan  is  to  intro- 
duce a  few  secondary  cells  in  each  feeder,  in  such  a  manner  that 
they  oppose  the  feeding  current.  The  effect  is  simply  to  oppose 
a  counter  e.m.f.  to  the  dynamo  (since  the  cells  have  practically  no 
resistance),  but  the  potential  difference  is  varied  by  the  rather  lar^je 
steps  of  two  volts  at  a  time.  In  making  any  change  both  feeders 
must  be  similarly  treated. 

With  the  three-wire  system  it  is  obviously  necessary  to  lead 
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three  feeding  mains  to  each  point  and  to  connect  pilot  wires  there- 
from to  two  separate  voltmeters. 

The  advantage  of  using  several  comparatively  small  machines 
joined  in  parallel,  to  supply  the  omnibus  bars,  is  that  a  dynamo  may 
be  switched  out  and  stopped  when  the  demand  for  current  falls. 

When  the  feeders  vary  considerably  in  length,  it  may  be  advi- 
sable to  divide  them  into  two  or  even  more  groups  according  to 
their  resistances,  and  supply  the  longer  ones  from  a  pair  of  bars 
maintained  at  a  proportionately  higher  pressure  than  the  similar 
bars  supplying  the  shorter  feeders. 

Turning  now  to  the  methods  of  supporting,  protecting,  and 
insulating  the  conductors,  .we  immediately  observe  that  they 
naturally  divide  themselves  into  two  classes— viz.  overhead  and 
underground. 

The  overhead  system  has  the  advantage  of  cheapness  in  con- 
struction, and  it  affords  great  facilities  for  inspection  and  repair, 
and  for  subsequent  extensions.     It  is,  therefore,  generally  em- 
ployed where  the  local  conditions  are  favourable,  where  the  current 
employed  is  not  so  heavy  as  to  require  a  very  massive  conductor, 
and  where  the  potential  difference  is  not  excessively  high.     The 
system  has,  however,  the  disadvantage  that  the  insulation  is  liable 
to  considerable  variation  with  weather  changes.   This* can  to  a  great 
extent  be  prevented  by  good  construction,  and  the  employment 
of  properly  designed  *  insulators.'     A  series  circuit,  such  as  is  used 
for  arc  lamps  or  low-resistance  incandescent  lamps,  lends  itself 
readily  to  the  employment  of  overhead  mains,  since  the  current  is 
in  such  cases  constant,  and  rarely  exceeds  ten  amperes.     A  very 
small  wire  would  be  sufficient  to  carry  such  a  current,  but  its  size 
is  really  determined  more  by  mechanical  than  electrical  necessities. 
For  example,  a  wire  of  No.  12  s.w.g.  would  carry  the  current  with 
safety,  but  a  No.  8  is  practically  used  on  account  of  its  greater 
strength.     When  the  conductor  is  stranded,  7  No.  i6's  are  em- 
ployed, although  7   No.  20*s  might,  from  an  electrical  point  of 
view,  suffice.     We  ought  perhaps  to  mention  that  all  overhead 
bare  conductors  must  be  of  hard-drawn  coppjr  in  order  to  obtain 
the  requisite  mechanical  strength.     Ordinary  pure  copper  is  com- 
paratively soft,  and  in  a  span  of  any  considerable  length  cannot 
sustain   its   own   weight ;    while  in   a  gale,    the   wind    pressure 
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enormously  increases  the  strain  upon  the  wire.  It  is  now  possible 
to  obtain  pure  copper  wire  having  a  breaking  weight  of  from  28  to 
30  tons  per  square  inch  ;  the  high  tenacity  is  obtained  solely  by 
the  molecular  arrangement  given  to  the  particles  during  the  process 
of  drawing,  and  if  the  copper  is  really  pure  the  increase  in  resis- 
tance due  to  the  hardening  should  barely  exceed  two  per  cent. 

Bare  conductors  are  supported  on  insulators  which  are  in  turn 
supported  by  poles  either  of  iron  or  Vood  according  to  local 
circumstances.  One  advantage  pertaining  to  wood  is  that  in  the 
event  of  an  insulator  breaking  the  conductor  is  still  partially  in- 
sulated from  the  earth,  which  would  not  be  the  case  were  an  iron 
pole  employed.  Iron  poles  are  obligatory  for  over-house  work,  or 
where  appearance  has  to  be  taken  into  account  The  best  wooden 
pole  is  that  which  consists  of  the  complete  trunk  of  a  straight  red 
fir  or  other  similar  tree,  which,  after  having  been  well  seasoned,  is 
thoroughly  impregnated  with  good  creosote.  The  natural  life  of  the 
pole  is  enormously  lengthened  by  this  treatment. 

Insulators  can  be  made  from  a  variety  of  substances,  but  for 
climatic  and  other  cogent  reasons,  white  glazed  porcelain  is  most 
frequently  employed. 

The  chief  requirements  are  hardness,  smoothness,  and  imper- 
viousness  to  moisture.  Lacking  either  of  these,  the  insulator  is 
practically  useless.  It  should  be  hard  in  order  to  resist  abrasion 
by  the  wire  ;  it  should  be  smooth,  to  prevent  the  accumulation  of 
dust  and  dirt,  to  facilitate  cleansing  by  rain,  and  to  avoid  the  un- 
necessary wearing  away  of  the  conductor ;  and  it  should  be 
impervious  to  moisture,  in  order  that  the  rain  should  fall  off 
instead  of  entering  the  pores  of  the  substance  and  reduce,  more 
or  less  permanently,  its  insulating  properties. 

Brown  earthenware,  especially  if  well  made  from  a  suitable  clay, 
is  also  a  good  material.  It  is  very  hard,  very  durable,  has  a  high 
resistance,  and  the  glaze  which  it  can  take,  although  it  is  not  so 
good  and  perfect  as  that  on  porcelain,  is  tolerably  smooth,  and  only 
allows  the  rain,  unless  the  fall  is  very  heavy,  to  gather  in  drops 
instead  of  forming  a  continuous  film,  as  ebonite  would  do. 
Although  porcelain  offers  a  higher  resistance  than  brown  earthen- 
ware, the  material  varies  very  considerably,  both  in  its  constitution 
and  in  its  manufacture.     Some  kinds  are  almost  spongy,  and  as 
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the  glaze  covers  them  there  is  no  possil)le  means  of  testing, 
except  by  breaking  them.  The  glaze  often  cracks  after  a  few 
months,  and  then,  if  the  interior  is  at  all  porous,  it  absorbs  mois- 
ture, and  so  in  time  loses  its  insulating  properties.  When  perfect, 
it  is  undoubtedly  the  best  insulator  available. 

It  must  further  be  pointed  out  that  the  insulator  should  be 
sufficiently  strong  to  withstand  the  maximum  stress  likely  to  be 
imposed  upon  it  by  the  wire.  When  all  is  quiet  the  insulator  has 
simply  to  bear  the  weight  of  half  the  span  of  wire  on  either  side 
of  it,  but  when  there  is  much  wind  the  strain  is  increased  con- 
siderably by  the  swaying  of  the  wire. 

In  the  case  of  a  sound  insulator,  practically  all  the  leakage 
takes  place  over  the  surface  ;  and  in  order  to  make  the  path  taken 
by  the  leakage  current  as  difficult  as  possible,  it  is  p^ , 

necessary  to  so  design  the  insulator  that  it  shall 
have  the  maximum  length,  with  the  minimum  area 
of  surface  between  the  wire  and  the  steel  pin  or 
bolt  supporting  it. 

Considering  the  fact  that  the   e.m.f.  in  an 
electric-lighting  circuit  is  comparatively  high,  it 
is    pre-eminently  essential    that    the    insulation 
should  be  of  the  best ;  parsimony  in  this  respect 
is  very  likely  to  prove  but  the  forerunner  of  dis- 
aster.    When  the  line  is  straight,  so  that  nor- 
mally there  is  no  lateral  strain,  and  the  conductor 
is   less  than   a   quarter  of  an   inch  thick,   the 
porcelain  insulator  illustrated  in  fig.  324  is  suit- 
able.    It  consists  of  a  double  *  cup '  manufactured 
in  one  piece ;  the  inner  cup  is  shielded  from  rain 
by  the  outer  one,  and  the  length  of  the  surface  be- 
tween the  conductor  and  the  supporting  bolt  is  considerable.    The 
peculiarity  about  it  is  that  it  is  provided  with  an  open  coarse  screw 
thread  by  means  of  which  it  is  screwed  on  to  the  bolt,  which  in  its 
turn  is  permanently  fixed  to  the  arm  or  bracket  on  the  pole.     An 
india-rubber  washer,  placed  above  the  shoulder  a  at  the  bottom  of 
the  thread  on  the  bolt,  allows  the  insulator  to  be  screwed  on  tight 
without  involving  a  risk  of  splitting  it  or  stripping  its  thread.     The 
principal  advantage  pertaining  to  the  use  of  a  screw  bolt  is  that,  in 
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the  event  of  fracture,  the  insulator  itself  can  be  replaced  without 
necessitating  the  removal  of  the  bolt.     One  method  of  fixing  the 

wire  to  an  insula- 

Fic.  325.  ■  .       .11 

tor  is  illustrated 
in  fig.  325.  The 
conductor  is  laid 
in  the  groove,  and 
a  piece  of  thin 
binding  wire, 

three  or  four  feet 
long,  is  twisted 
several  times 

round  the  conductor  on  one  side,  a,  of  the  insulator  ;  it  is  then 
wound  round  the  insulator  and  is  next  twisted  several  times  round 

the  conductor  on  the  other 
side,  D,  after  which  it  is  wound 
back  again,  round  the  insulator 
once  more,  and  again  over  the 
conductor  on  the  side  a.  Hard 
wire  is  not  suitable  for  binding 
wire,  as  its  springiness  prevents 
its  remaining  exactly  in  the 
position  in  which  it  is  placed, 
tight  against  the  main  wire. 
Sometimes  the  bindings  are 
soldered. 

When  high  potential  differ- 
ences are  employed,  no  trouble 
or  expense  should  be  spared 
to  ensure  the  most  thorough 
insulation  possible.     A  form 
of  insulator  very  largely  em- 
ployed for  this  purpose,  espe 
cially  in  humid  districts,  where 
the  risk  of  leakage  is  great, 
is  illustrated  in  fig.  326.     It  is  known   as  the  *  fluid'  insulator, 
from  the  fact  that  a  quantity  of  oil  is  interposed  in  the  path  of 
leakage ;  the  lip  of  the  porcelain  cup  is  bent  up  on  the  inner 
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side  to  form  a  circular  channel,  in  which  the  oil  i^^  placed  by 
means  of  a  small  syphon  capable  of  holding  the  requi'  od  quantity. 
Experience  has  shown  that  very  little  dust  accumulates  in  the 
channel,  while  the  formation  of  a  continuous  film  of  moisture 
between  the  iron  bolt  and  the  conductor  is  entirely  prevented. 

These  insulators,  which  are  usually  cemented  to  the  bolt,  are 
made  in  a  great  variety  of  shapes.  In  one  case  there  is  a 
separate  oil  cup  supported  on  a  pin  which  passes  through  the 
bolt ;  this  cup  is  placed  below  the  insulator  proper,  and  the 
lower  edge  of  the  inner  cup  of  the  latter  is  immersed  in  the 
oil.  When  necessary  the  pin  can  be  removed,  and  the  cup 
allowed  to  slide  down  the  bolt,  for  the  purpose  of  cleaning  and 
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refilling  with  oil  ;  the  cup  can  easily  be  placed  in  position  again, 
and  the  syphon  is  therefore  dispensed  with. 

In  fig.  327  is  illustrated  a  form  of  insulator,  known  as  the 
double  shackle,  which  is  useful  on  heavy  lines.  It  consists  of  two 
insulators  of  porcelain  of  the  shape  shown  ;  each  has  a  stout  iron 
bolt  passing  through  it,  and  is  supported  by  a  pair  of  iron  straps 
bolted  to  the  pole,  which,  in  the  case  illustrated,  is  of  iron.  The 
main  wire  is  looped  round  the  neck  of  each  insulator,  and  fixed 
by  a  small  binding  wire  wrapped  on  tightly.  The  straps  of  each 
insulator  being  independent  of  those  supporting  its  neighbour, 
freedom  of  motion  through  a  large  angle  is  permitted,  thus  allowing 
a  direct  pull  to  be  obtained.  The  shackle  should  be  employed  in 
nil  causes  where  the  wire  makes  an  angle  at  the  pole. 
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When  an  insulated  aerial  conductor  is  used,  it  cannot  be 
attached  to  the  insulators  direct,  because  the  friction  which  is 
always  at  work  would  speedily  cause  the  abrasion  of  the  insulating 
material,  and  that  at  the  very  point  where  complete  insulation  is 
sought — viz.  at  the  insulator  itself.  There  is  also  the  further  difii 
culty  that  an  ordinary  covered  cable  has  not  sufficient  tensile 
strength  to  enable  it  to  support  its  own  weight  in  a  span  of  any 
considerable  length.  In  such  cases,  a  steel  wire  or  rope  s  (fig.  328) 
is  supported  by  shackle  insulators,  and  carries  a  number  of  split 
steel  rings,  r.  Engaging  in  each  ring  is  a  galvanised  iron  wire 
loop  w,  which  supports  a  vulcanite  chair  c,  and  through  which  the 
p,P.  .,3  cable  is  passed. 

Sometimes  the  conductor  is  suspendc»d 
midway  between  a  pair  of  steel  ropes  by 
means  of  V-shaped  pieces  of  iron  wire, 
each  piece  being  attached  to  three  small 
reels  of  white  porcelain  threaded  one  on 
to  the  conductor  and  the  others  on  the 
ropes. 

One  of  the  most  important  details  in 
connection  with  the  running  of  electrical 
conductors  is  that  of  jointing.     The  chief 
features  which  should  pertain  to  a  well- 
made  joint  are,  that  the  electrical  continuity 
should  be  fully  maintained,  that  its  me- 
chanical strength  should  be  at  least  equal 
to  that  of  the  conductor  itself,  that  no  free  ends  should  be  left 
on  the  finished  joint,  that  it  should  be  durable  both  electrically 
and  mechanically,  that  it  should  be  as  compact  as  possible,  and 
that  with  a  covered  wire  the  insulating  coating  should  be  made 
continuous  and  as  uniform  as  possible. 

For  bare  solid  conductors  up  to  a  quarter  of  an  inch  or  so 
in  diameter,  there  is  no  better  joint  than  that  known  as  the 
*  Britannia.*  Fig.  329  illustrates  a  joint  of  this  kind  made  between 
two  lengths  of  No.  6  s.w.o.  copper  wire  bound  with  No.  16 
tinned  copper  wire.  The  ends  of  the  two  conductors  are  carefully 
cleaned  and  laid  side  by  side  for  a  distance  of  about  three  inches. 
The  binding  wire  is  then  wound  tightly  over  them,  commencing 
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preferably  at  the  middle  of  the  joint,  and  working  towards  each 
end  in  turn,  a  few  convolutions  being  wound  over  the  single  wire 
at  each  end  of  the  joint.     The  joint  is  finished  by  carefully  and 
completely  soldering  it  into  one  mass,  care  being 
taken  to  avoid  overheating  it.      A  joint  made  in 
this  way  approaches  as  nearly  as  possible  to  per- 
fection, for  its  resistance  is  less  than  that  of  the 
other  portions  of  the  conductor,  and  its  mechanical 
strength  is  greater. 

The    method  of  jointing  a  covered   stranded 
conductor  is  simple.     Supposing  it  to  be  a  7-wire 
strand,  the  insulating  covering  is  removed  from 
each  end  for  a  distance  of  a  few  inches,  care  being 
taken  to  avoid  nicking  the  copper.     All  the  sepa- 
rate wires  are  then  opened  out  and  the  centre  wire 
on  each  of  the  ends  to  be  joined  is  cut  off  short. 
The  two  sets  of  wires  are  next  brought  end  to  end, 
and  laced  together,  just  as  would  happen  when  the     g. 
two  hands  are  placed  palm  to  palm,  and  the  fingers     ? 
of  one  hand  phced  between  those  of  the  other.     tS 
This  l)eing  done,  the  protruding  ends  of  each  con- 
ductor are  wrapped  closely  round  the  other,  the 
two  wrappings  being  in  opposite  directions.     The 
joint  is  then  trimmed  round  with  the  pliers,  and 
the  whole  well  soldered  together.     The  soldering 
is  a  more   important  matter   than  would  at  first 
sight  appear,  since  the  solder  is  relied  upon  to 
maintain   the   electrical    continuity.      Every   care 
should  therefore  be  taken  that  the  copper  surfaces 
are  thoroughly  cleaned  before  making  the  joint, 
that  they  are  not  handled  more  than  is  absolutely 
necessary,  and  steps  should  be  taken,  as   far  as 
possible,  to  prevent  oxidation.     A  very  good  plan 
is  to  use  tinned  wire,  and  to  employ  only  resin  as  a 
flux.     The  conductor-joint  having  been  completed,  the  insulating 
covering  is  then  made  good.     When  the  insulating  material  is 
india-rubber,  pure  rubber  strips  are  tightly  wound  over  the  con- 
ductor in  several  layers,  followed  by  a  layer  of  prepared  rubber 
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tape.  To  make  the  joint  thoroughly  reliable  the  covering  should 
be  vulcanised,  which  may  be  effected  by  immersion  for  about  twenty 
minutes  in  a  bath  of  sulphur  gradually  raised  from  just  above  its 
melting-point  to  a  temperature  of  1 54°  C,  and  then  for  ten  minutes 
in  a  bath  of  ozokerit,  which  is  raised  from  154°  C.  to  164°  C. 

When  the  conductors  are  to  be  laid  underground,  the  chief 
difficulty  to  be  contended  with  is  the  provision  of  efficient  and 
durable  insulation.  The  simplest  method  is  to  support  the  bare 
conductor  by  suitable  insulators,  after  the  manner  described  in 
Chapter  XII.  The  maximum  permissible  distance  between  the 
insulators  depends  either  upon  the  rigidity  of  the  conductor  or 
upon  the  tension  which  it  can  withstand.  Since  ever)'  insulator  is 
a  point  of  leakage,  it  is  obviously  necessary  that  their  number 
should  be  reduced  as  far  as  possible. 

In  some  electric  lighting  installations  the  bare  conductors  arc 
supported  by  ordinary  porcelain  insulators  fixed  in  a  brick- work 
conduit  with  a  concrete  lining.  In  others,  such  as  that  in  the 
Pall  Mall  district  (London),  in  which  the  three-wire  system  is 
employed,  the  mains  are  carried  in  underground  channels  almost 
oblong  in  section,  and  made  of  cast-iron.  At  the  junction  of 
adjacent  lengths  a  groove  is  formed  in  the  sides  of  the  channel,  in 
which,  at  right  angles  to  the  length  of  the  channel,  is  fitted  a  stout 
porcelain  slab.  The  under  edge  of  the  slab  is  arched  to  allow  the 
free  flow  of  water  along  the  bottom  of  the  channel.  The  slal) 
has  also  three  deep  vertical  slots  across  the  top,  the  centre  oni* 
being  somewhat  narrower  than  the  other  two.  Each  conductor 
consists  of  a  number  of  bare  copper  strips  placed  edgeways  in  the 
slots,  and  drawn  tight  enough  to  prevent  contact  laterally,  while 
the  depth  of  the  strip  is  sufficient  to  prevent  sagging.  The 
centre  conductor  is  formed  of  fewer  strips  than  the  outer  mains  ; 
while  the  conductivity  of  all  of  them  can  readily  be  reduced 
beyond  the  points  where  branch  circuits  tap  the  mains,  by  reduc- 
ing the  number  of  strips.  I^ng  experience  with  underground 
chambers  and  channels,  such  as  are  employed  for  many  other 
purposes,  has  shown  that  it  is  impossible  to  prevent  the  accumula- 
tion of  water  within  them  ;  hence  the  necessity  for  amply  provid 
ing  for  the  ready  escape  of  water,  that  is  to  say,  the  conduit  must 
be  well  drained.     Electric  light  engineers  have  not  yet  ha<J  a  sufii- 
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ciently  lengthy  experience  to  enable  them  to  appreciate  fully  the 
real  difficulties  which  await  them,  such  as  those  due  to  the  corro- 
sion of  the  iron  and  the  falling  of  scale  from  the  roof  and  sides 
of  the  channel ;  and  to  the  incrustations  and  fungoid  growths 
which  manifest  themselves  in  damp  underground  chambers.  It 
would  appear  to  be  essential  that  good  drainage  should  be  supple- 
mented by  ample  ventilation.  Even  were  a  conduit  to  be  made 
water-tight,  there  would  still  be  sufficient  moisture  caused  by 
condensation  to  oxidise  the  iron,  and  to  make  the  surfaces  of 
the  insulators  damp. 

It  will,  however,  be  evident  that  were  the  pipe  containing 
the  conductors  filled  with  some  good  liquid  insulating  material, 
this  accumulation  of  moisture  with  the  attending  disadvantages 
would  be  avoided.  Paraffin  oil  is  a  liquid  which  has  remarkably 
high  insulating  properties,  and  is,  therefore,  available  for  this 
purpose,  but  with  a  conduit  constructed  in  the  ordinary  way  the 
quantity  of  oil  required  would  be  enormous.  On  account,  how- 
ever, of  its  high  specific  resistance,  a  thin  film  suffices  to  prevent 
leakage  from  one  conductor  to  another,  even  though  the  potential 
difference  between  them  be  very  great.  The  Brooks  system 
is  based  upon  this  principle.  The  conductors  are  first  covered 
with  a  coating  of  cotton,  or  other  similar  material,  and  then  drawn 
into  iron  pipes,  which  are  subsequently  filled  with  and  kept  full  of 
oil.  Paraffin  oil  was  originally  employed,  but  great  difficulty  was 
exi^erienced  with  it  on  account  of  its  remarkable  poTcr  of  forcing 
its  way  through  even  such  substances  as  cast-iron.  Better  results 
have  been  obtained  with  a  much  heavier  and  more  viscid  oil, 
such  as  resin  oil,  and  the  good  insulation  and  other  advantages 
which  can  thus  be  obtained  render  the  system  deserving  of  more 
attention  than  it  has  yet  received. 

Another  method  of  insulating  underground  conductors,  and 
the  one  generally  adopted,  is  to  cover  the  copper  with  some 
durable  substance  of  high  specific  resistance,  such  as  india- 
rubber. 

In  all  such  cases  it  is  essential  not  only  to  efficiently  insulate 
the  conductor,  but  also  to  protect  the  insulating  covering  from 
deterioration  by  exposure,  and  to  protect  the  whole  cable 
fropi  piech^nical  injury.      When  these  points  are  ver)-  carefully 
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attended  to,  an  installation  with  insulated  underground  cables  for 
the  mains  is  very  reliable,  and  gives  little  or  no  trouble  in  main- 
tenance. But  carelessness  in  manufacture  or  laying,  or  the  use 
of  inferior  materials,  gives  rise  to  troublesome  and  often  very  ex- 
pensive repairs. 

There  is  still  a  tendency  towards  false  economy  in  this 
matter.  A  thin  covering  of  the  insulating  material  is  placed  over 
the  conductor,  and  when  new  and  absolutely  perfect  the  insulation 
may  test  higher  than  is  actually  essential  in  practice.  But  the 
slightest  indentation  or  abrasion  of  the  covering,  such  as  may 
easily  happen  and  does  happen,  in  handling  during  the  process  of 
laying,  even  if  it  does  not  quite  expose  the  copper,  leaves  such 
a  weak  spot  that  the  development  of  a  *  fault '  there  becomes  only 
a  question  of  time.  The  insulating  covering,  of  whatever  material, 
should  be  of  reasonable  thickness,  not  so  much  for  the  purpose 
of  obtaining  an  extremely  high  initial  insulation-resistance,  as  to 
ensure  its  maintenance  at  a  fairly  good  value.  Gutta-percha  must 
be  used  with  caution.  If  not  exposed  to  light  and  air,  it  is  prac- 
tically imperishable,  and  it  may  therefore  be  used  with  advantage 
under  conditions  which  are  at  all  similar  to  those  obtaining  in  the 
case  of  a  submarine  telegraph  cable ;  but  it  quickly  cracks  and 
perishes  if  employed  in  a  dr)',  airy  situation.  In  such  cases 
india-rubber  would  be  preferable,  and  when  vulcanized  rubber  is 
employed,  the  copper  requires  to  be  tinned  in  order  to  protect  it 
against  the  sulphur  which  such  rubber  contains.  Gutta-percha 
softens  at  a  lower  temperature  than  does  india-rubber,  and  hence 
is  more  likely  to  allow  the  conductor  to  become  decentralised 
when  heated  by  the  current. 

Generally  speaking,  india-rubber  is  the  best  material  available 
for  insulating  purposes  ;  but  really  good  rubber  is  expensive,  and 
the  same  may  be  said  of  the  material  which  is  usually  sold  as 
such  ;  hence  a  large  number  of  substitutes  have  been  introduced. 
Some  of  them  are  fibrous  in  their  constitution,  and  are  impreg- 
nated with  an  insulating  oil.  Their  .specific  resistances  are  lower 
than  those  of  percha  or  rubber,  but  this  is  not  a  serious  draw- 
back provided  the  coating  is  sufficiently  thick.  They  are  not  as  a 
rule  impervious  to  moisture,  and  require  therefore  a  waterproof 
covering. 
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Bitumen  is  a  good  insulating  material,  but  it  softens  at  a  low 
temperature,  and  even  at  normal  temperatures  it  is  so  plastic  that 
the  weight  of  the  conductor  itself  would  cause  'it  to  sink  through 
the  coating.  The  processes  employed  by  the  Callender  Bitumen 
Co.  overcome  these  objections.  The  material  is  vulcanised  or 
treated  with  sulphur,  with  the  result  that,  while  retaining  its  high 
insulating  properties,  it  becomes  rigid  and  holds  the  wire  per- 
manently in  position,  even  though  the  temperature  of  the  con- 
ductor be  considerably  raised.  The  conductor  is  usually  of 
stranded  copper  wire,  tinned  to  protect  it  from  the  sulphur.  It  is 
first  coated  with  a  sheath  of  the  vulcanised  bitumen,  applied  under 
heavy  pressure  in  one  solid  layer  to  the  required  thickness.  This 
sheathing  is  then  covered  with  cotton  tape  treated  with  bitumen, 
the  number  of  layers  ranging  from  one  to  five  ;  the  cable  is  passed 
through  a  bath  of  hot  compound  after  each  serving  of  tape.  The 
next  process,  for  underground  cables,  is  to  apply  a  coating  of  jute 
yarn,  and  after  another  passage  through  the  bath  to  cover  it  with 
hemp  braid.  Most  of  the  cables  are  subjected  to  this  treatment, 
the  higher  degrees  of  insulation  being  obtained  by  increasing  the 
thickness  of  the  dielectric  —  that  is,  of  the  vulcanised  bitumen.  For 
the  smaller  cables,  such  as  are  employed  for  indoor  work,  a  layer 
of  parchment  tape  is  interposed  between  the  conductor  and  the 
bitumen. 

For  important  underground  work  the  Company  has  three  dis- 
tinct systems,  the  cables  in  all  such  cases  being  made  as  already 
described  with  the  higher  degree  of  insulation.  In  the  first  of 
these  systems,  a  rectangular  cast-iron  trough  is  laid  in  a  trench. 
The  troughing  is  made  in  six-foot  lengths,  the  thickness  of  the 
metal  ranging  from  three-  to  five- sixteenths  of  an  inch  ;  the  internal 
dimensions  vary  according  to  the  number  and  size  of  the  cables, 
but  in  all  cases  the  cable  is  kept  at  some  considerable  dis- 
tance from  the  iron.  One  end  of  each  length  of  the  troughing 
fits  into  a  socket  made  at  the  adjacent  end  of  its  neighbour.  The 
two  lengths  are  then  bolted  together  and  the  joint  sealed  with 
bitumen.  The  cables  are  supported  by  a  number  of  wooden 
bridges,  generally  placed  at  intervals  of  two  feet.  Each  bridge 
before  being  placed  in  position  is  treated  with  bitumen,  and  has 
two  or  more  vertical  slots,  according  to  the  number  of  cables,  each 
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slot  being  rounded  at  the  bottom,  and  just  wide  enough  to  fit  the 
cable.  A  small  quantity  of  natural  or  unvulcanised  bitumen  is 
run  along  the  trough,  and  the  bridges  are  imbedded  in  it  before  it 
solidifies.  The  cables  are  then  laid  in  position  in  their  respective 
slots,  the  dimensions  of  the  wood  being  sufficient  to  keep  them  well 
clear  of  each  other  and  of  the  iron.  The  trough  is  next  filled  up  with 
pure  bitumen  and  covered  in  with  a  one-inch  layer  of  concrete,  or 
an  iron  lid.  It  may  be  urged  as  an  objection  to  this  system  that, 
the  cables  having  been  once  laid,  cannot  in  the  event  of  a  fault 
occurring  be  withdrawn ;  but,  on  the  other  hand,  the  system  permits 
of  such  good  work  being  put  in  that  the  chances  of  a  breakdown 
can  be  made  very  remote. 

The  second  of  these  systems  is  designed  to  allow  the  cables, 
which  are  similar  to  those  used  in  the  previous  case,  to  be  with- 
drawn separately.  The  chann  elling  consists  of  blocks  of  bituminous 
concrete  made  in  six-foot  lengths  and  jointed  by  a  saddle-piece  of 
the  same  material.  The  blocks  are  provided  with  longitudinal 
circular  holes  or  *ways,*  varying  in  size  and  number  according 
to  the  requirements,  but  only  one  cable  is  placed  in  each  way.  In 
most  cases  there  are  either  two,  three,  or  four  ways,  the  diameters 
most  frequently  employed  being  li,  2,  or  2^  inches. 

Draw-boxes  are  provided  at  convenient  intervals,  and  the  blocks 
having  been  fixed  together  in  the  trench,  the  cables  are  drawn  in. 
This  system  has  also  the  advantage  that,  should  the  cable  covering 
fail  or  give  way,  serious  damage  may  be  prevented  from  the  fact 
that  the  supporting  material,  i,e,  the  bituminous  concrete,  is  an 
insulator. 

The  saddle-pieces  with  which  the  joints  are  made  embrace  the 
sides  and  bottom  of  the  blocks,  and  are  provided  with  two  grooves 
(one  on  either  side  of  the  joint),  which  are  filled  with  bitumen. 

In  the  third  system  the  insulating  material  is  fibrous  in  its 
constitution  and  is  sheathed  in  lead.  Over  the  conductor  is  wound 
a  layer  of  parchment  tape.  Next  to  this  is  applied  a  rather  thick 
layer  of  fine  yarn,  which  has  been  dried  at  a  very  high  temperature 
and  then  inij)rcgnated  with  boiling  bitumen  under  pressure.  The 
characteristic  feature  of  this  cable  consists,  in  fact,  in  the  pro- 
cesses adopted  for  the  complete  exclusion  of  moisture  and  air. 
Immediately  after  the  impregnation  is  completed  and  whDe  the 
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bitumen  is  stili  hot,  the  lead  sheathing  is  put  on  direct  with  the 
aid  of  hydraulic  pressure.  The  subsequent  treatment  varies  with 
circumstances,  but  it  is  usually  necessary  to  protect  the  lead 
from  mechanical  injury  and  the  chemical  efforts  of  certain  soils. 
For  these  purposes,  the  lead  is  passed  through  an  asphalte  bath 
and  is  then  served  with  steel  wire  or  ribbon,  which  is  also  covered 
with  bitumenised  tape  or  braid. 

AV^e  have  already  described  the  method  of  making  the  splayed 
or  long  joint  for  stranded  conductors,  but  in  all  Callender  cables 
another  form,  known  as  the  *  marriage'  joint,  is  employed  ;  a  portion 
of  the  joint  is  illustrated  in  fig.  330.  More  skill  and  time  are 
required  to  make  this  joint  than  are  involved  in  the  ordinary 
joint,  but  it  has  the  advantage  that  the  conductor  is  of  uniform 
diameter  throughout.  Each  strand  is  wound  separately  round 
the  others,  and  is  cut  to  such  a  length  that  it  abuts  against  the 
end  of  a  strand  from  the  other  side  of  the  joint.     The  end- 

FiG.  330. 


to-end  abutments  occur  at  regular  intervals,  as  can  be  gathered 
from  the  illustration  ;  and  the  whole  is  well  soldered.  The 
covering  is  made  good  by  pieces  of  materials  identical  with  those 
already  on  the  cables.  In  the  case  of  the  lead  sheathing,  an 
ordinary  wiped  joint  might  be  employed,  but  owing  to  the  un- 
certainty of  always  obtaining  reliable  plumbing  work  this  method 
i.s  not  adopted.  The  cable  ends  are  led  through  holes  in  the  ends 
of  a  cast-iron  joint-box,  which  after  the  ordinary  insulating  coating 
has  been  made  good,  is  filled  up  with  bitumen.  A  similar  box, 
provided  with  three  holes,  is  used  at  a  T-joint. 

A  good  type  of  electric  lighting  cable  is  manufactured  by 
Messrs.  Felten  &  Guilleaume,  one  form  of  which,  designed  for  one 
of  the  mains  on  a  three-wire  circuit  for  incandescent  lighting,  is 
illustrated  in  fig.  331.  The  .stranded  core  of  high-conductivity 
copper  is  insulated  with  a  layer  of  imi)rcgnatcd  fibre,  the  thickness 
of  which  is  about  one- third  the  diameter  of  the  conductor.  Out- 
side the  fibre  two  coverings  of  lead  are  placed,  as  indicated  by  the 
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black  concentric  circles  in  the  figure.  Over  this  is  a  layer  of  jute 
treated  with  an  impervious  compound  ;  and  mechanical  protec- 
tion is  afforded  by  a  double  sheathing  of  iron  ribbon  (shown 
white),  the  external  covering  being  another  serving  of  the  imper- 
vious  compound.  This  cable  was  constructed  to  be  laid  bare  in 
a  trench,  and  it  contains  the  pilot  wires  which  are  necessary  on  an 
extensive  parallel  system.  These  two  wires  can  be  seen  on  the 
left  of  the  conductor  ;  they  are  of  thin  copper  insulated  with  gutta- 
percha. 

The  lead  sheathing  is  drawn  on  cold  at  an  enormous  pressure, 
and  squeezes  the  fibre  insulation  into  a  solid  mass.     The  two  coat- 
ings of  lead  afford  greater 
""  ^^^  security  against  a  small  im- 

perfection than  could  be 
obtained  by  a  single  coat- 
ing with  the  same  weight 
of  metal. 

AV'hen  the  cables  are 
laid  in  an  iron  troughing, 
the  iron  sheathing  is  dis- 
pensed with,  and  the  pilot 
wires  are  laid  separately. 

Wires  inside  a  building 
must  be  efficiently  protected 
to  avoid   damage  or  acci- 
dent, as  well  as  to  main- 
tain  the   insulation.     The 
usual  plan  is  to  run  the  wires  along  parallel  grooves  in  a  wood 
casing,  as  it  is  usually  stipulated  that  the  coverings  of  the  two 
conductors  should  always  be  separated  by  an  independent  solid 
insulating  substance.     When  it  is  necessary  for  one  wire  to  cross 
another,  a  slip  of  wood  is  interposed.     The  casing  can  be  made  in  a 
variety  of  forms,  and  if  necessary  can  match  the  beading  or  cornice. 
India-rubber  covered   with  braided   hemp   or  cotton   forms 
about  the  best  material  for  insulation  for  indoOr  work. 

We  have  already  described  certain  pieces  of  measuring  appara- 
tus, but  there  are  a  few  other  internal  fittings  to  which  some  attention 
must  be  paid.     Perhaps  the  most  important  of  these  is  the  switch, 
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a  piece  of  apparatus  which  is  in  constant  use  and  for  a  variety  of 
purposes,  but  chiefly  to  form  a  ready  and  expeditious  means  of 
making  and  breaking  a  circuit.  In  order  that  a  switch  may  be 
capable  of  efficiently  performing  its  functions,  its  metallic  parts 
must  be  sufficiently  massive  to  carry  the  required  current  without 
heating  or  offering  any  appreciable  resistance  ;  the  contact  surfaces 
must  for  similar  reasons  be  of  ample  area  ;  the  moving  contact 
piece  must  press  firmly  on  to  the  fixed  one  ;  and  simple  striking 
contacts  must  give  place  to  rubbing  contacts,  to  avoid  partial  insu- 
lation through  accumulation  of  dust  and  metallic  oxide  films.  The 
circuit  should  not  be  completed  through  the  axle  upon  which  the 
arm  or  lever  travels,  as  dirt  and  dust  are  liable  to  accumulate  at 
the  bearing  surfaces,  and  in  time  impair  the  efficiency  of  the 
switch.  It  is  also  preferable  that  the  circuit  should  be  broken  at 
both  ends  of  the  switch- arm. 

The  switch  should  be  so  constructed  that  there  is  the  minimum 
abrasion  and  wearing  compatible  with  good  and  certain  contact, 
and  such  parts  as  do  wear  away  should  be  easily  adjustable  or 
cheaply  renewable,  so  as  to  permit  the  re-establishment  of  good 
contact.  In  all  cases,  but  more  especially  for  currents  of  high 
E.M.F.,  the  lever  should  be  provided  with  a  handle  of  insulating 
material ;  and  the  breaking  distance  through  which  the  arm 
travels  should  be  sufficient  to  prevent  a  spark  following  the  retreat- 
ing arm  and  setting  up  an  arc.  When  contact  is  broken  the 
current  (especially  if  it  is  of  a  high  electro-motive  force,  or  if  the 
circuit  contains  any  apparatus  having  considerable  self-induction) 
sparks  across  a  portion  at  least  of  the  air  space  in  the  effort  to 
continue  its  course,  and  thereby  volatilises  a  portion  of  the  metal 
surfaces.  If  such  an  arc  has  been  once  established  its  main- 
tenance is  not  a  matter  of  great  difficulty ;  and  it  is  evident  that 
such  an  arc  is  quite  competent  to  start  a  serious  fire,  besides  in 
any  case  damaging  the  switch  contacts.  It  is  advisable  to  pro- 
vide a  snap-action,  so  that  the  lever  is  set  decidedly  either  on  or 
off  the  fixed  contact,  the  spring  being  so  arranged  that  the  lever  is 
jerked  quite  away  when  it  is  turned  almost  out  of  contact.  The 
terminals  should  never  be  so  placed  that  in  turning  the  handle 
there  is  any  chance  of  the  instrument  being  short-circuited  by 
the  operator's  hand.    The  base  of  th^  instrument  should  be  of 
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some  good  insulating  material,  not  liable  to  warping  or  appreci- 
able expansion  or  contraction.  Wood,  therefore,  should  never  be 
used.  What  is  required  is  a  material  which  is  non-inflammable, 
a  good  insulator,  does  not  readily  condense  moisture,  nor  facilitate 
the  accumulation  of  dust  and  dirt.  Slate  is  a  good  material  if 
free  from  impurities  such  as  mineral  streaks  or  veins  ;  glazed 
porcelain  condenses  moisture  freely,  and  is  brittle.  The  con- 
ductors, especially  those  of  the  stranded  type,  should  not  be 
clamped  under  a  nut  or  washer,  but  soldered  into  a  socket  or 
thimble  which  can  be  bolted  on  to  the  switch  block. 

The  *  Ring  contact '  switch  (fig.  332),  made  by  Messrs.  Drake 
&  Gorham,  is  undoubtedly  a  good  type  for  carrying  heavy  currents. 

Fig.  332. 


It  is  mounted  on  a  slate  base,  each  terminal  clip  consisting  of  a 
laminated  split  brass  ring,  the  contact  being  made  by  forcing  the 
connecting  bar  into  the  gap  in  the  ring.  This  bar,  which  is  a 
strip  of  stout  brass,  with,  in  the  particular  form  illustrated,  the 
ends  bent  round,  is  provided  with  substantial  handles.  As  the 
contact  surfaces  wear  away,  the  gap  can  be  reduced  by  tighten- 
ing up  the  bolt  which  it  will  be  seen  passes  across  the  vertical 
diameter  of  the  ring.  The  sockets  to  which  the  conductors  are 
connected  are  bolted  to  lugs  projecting  from  the  bottom  of  each 
ring.  This  form  of  switch  is  made  tocarry  currents  up  to  i,cx)o 
amperes. 
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The  *  Diamond '  switch  (fig.  333),  made  by  Messrs.  Poole  & 
White,  is  also  a  good  type.  The  switch-bar  consists  of  a  number 
of — in  this  case  five— bent  strips  of  tough  brass,  which  rub  on  to 
fixed  brass  blocks,  and  these  blocks  are  bevelled  to  prevent  the 
bar  jarring  against  them,  and  at  the  same  time  to  allow  it  to  slide 
fully  on  to  them,  although  the  p^^ 

pressure  is  considerable.    The  \ 

switch  has  a  quick  break,  al- 
most instantaneous,  owing  to 
the  action  of  a  powerful  bent 
spring,  which  is  composed  of 
a  number  of  steel  wires,  as 
shown  in 'the  figure.  This 
spring  presses  against  a  pro- 
jection from  the  axle,  which 
is  edge-on  when  the  switch  is 
in  the  position  shown,  but 
which  with  a  small  movement 
is  presented  obliquely  to  the 
spring,  allowing  the  latter  to 
jerk  the  arm  away  clear  of  the 
contact  blocks.  These  switches 
are  likewise  made  to  carry  up 
to  1,000  amperes. 

Another  useful  type  of 
switch,  which  is  rapidly  in- 
creasing in  favour  is  that  illus- 
trated in  fig.  334,  in  which  the 
lower  part  of  the  handle  carries 
a  heel  piece  which  allows  the 
pressure  to  be  suddenly  applied 
or  withdrawn.     In    the  latter 

case  a  spring  fitted  on  the  base  presses  against  the  contact  arm 
and  causes  it  to  leave  the  contact  blocks  smartly.  The  well-known 
*  Tumler  *  switch  used  for  small  currents  is  constructed  on  very 
similar  principles. 

In  another  form  of  switch  which  is  frequently  used  the  movable 
arm  consists  wholly  or  in  part  of  thin  flexible  cojiper  strips,  screwed 
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firmly  into  square  tubes  or  sockets,  and  rubbing  edgeways  over 
solid  brass  or  copper  blocks.  In  one  such  switch  the  arm  consists 
of  a  stiff  flat  spring  terminating  in  square  holders,  in  which  the 
flexible  brushes,  composed  of  a  great  number  of  strips,  are  held 
by  set  screws.  This  type  has  the  advantage  that  there  is  always 
an  extensive  contact  surface,  that  adjustment  is  easy,  that  the 
brushes  are  comparatively  inexpensive,  and  that  they  can  be  readily 
removed  for  cleaning  or  renewal.  The  switch  made  by  the  Acme 
Company,  and  illustrated  in  fig.  335,  is  somewhat  similar  in  prin- 
ciple.    In  this  case  the  brushes  rub  against  the  inner  vertical  faces 

of  the  contact  blocks,  instead 
of  over  the  upper  horizontal 
surface.  But  it  will  be  noticed 
that  the  w^ear  is  taken  up  by 
moving  the  contact  blocks  in- 
ward by  means  of  the  set 
screws  shown  in  the  figure. 

*  Double-pole '  switches  are 
switches  which  disconnect  boih 
the  positive  and  negative  con- 
ductors simultaneously.  They 
usually  consist  of  a  pair  of 
*  single-pole  ^  switches,  such  as 
those  we  have  described,  linked 
together  by  an  insulating  bar. 
both  levers  being  actuated  by 
a  common  handle. 

A  switch  of  some  kind  is  re- 
quired in  connection  with  every 
incandescent  lamp  or  group  of  lamps,  and  of  this  class  there  is  a 
vast  number  in  use,  many  of  them  being  simple  forms  of  those 
already  described. 

Fig.  336  illustrates  a  class  of  switch  known  as  a  wall  socket, 
which  is  useful  in  cases  where  it  is  required  to  place  a  movable 
lamp  in  circuit  at  one  or  other  of  a  number  of  positions,  in  such 
places  as  cellars,  workshops,  and  libraries.  The  leads  are  joined 
to  a  pair  of  terminals  in  the  larger  block,  which  is  permanently 
fixed  in  position.     The  movable  block  carries  the  flexible  \^nres 
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leading  to  the  lamp,  the  ends  of  the  wires  being  connected  to  two 

split  spring  plugs,  which  can  be  pushed  into  the  socket-piece  and 

so  complete  the 

circuit  through  ^"^'  ^^5- 

the  lamp. 

Switches 
have  been  made 
which  snap  *  on ' 
as  well  as  snap 
off,  but  they  are 
mostly  compli- 
cated in  design, 
and,'  as  the 
snapping  on  is 
of  no  material 
advantage,  this 
objection  is 
fatal. 

Highly    im- 
portant as  switches  undoubtedly  arc  in  an  electric   light  circuit, 
cut-outs  cannot  be  said  to  be  much  less  so.     The  function  of  a 
cut-out  is  primarily  to  prevent  damage  being  done  to  the  apparatus, 
the  leads,  or   the   building  in  which  ^^^     ^ 

they  are  placed,  by  means  of  an  unduly 
strong  current ;  and  the  way  in  which 
it  affords  this  protection  is  by  auto- 
matically disconnecting  the  circuit 
when  the  current  from  some  cause, 
accidental  or  otherwise,  exceeds  a 
certain  predetermined  limit. 

There  may  be  said  to  be  two 
species  of  cut-outs— (<?)  those  actuated 
by  an  electro-magnet,  and  (p)  those 
carrying  a  piece  of  wire  or  foil  which 
melts  or  fuses  with  a  current  of  definite 
strength. 

A  magnetic  cut-out  consists  essentially  of  a  coil  of  wire  placed 
in  the  main  circuit  and  provided  with  a  movable  core,  or  armature, 
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to  which  is  attached  a  strip  of  metal  also  forming  a  part  of  the  main 
circuit.  AVhen  the  current  rises  above  the  prescribed  strength, 
the  coil  attracts  its  core  or  armature  with  sufficient  force  to  draw 
away  the  strip  and  break  the  main  circuit.  But  it  is  necessary  for 
the  contact  made  by  the  strip  with  the  ends  of  the  main  circuit  to 
be  very  good  and  also  frictionless,  othenvise  the  pull  required  to 
break  contact  would  be  liable  to  vary.  In  the  best  instruments 
the  two  ends  of  the  main  circuit  terminate  in  cups  which  are  partly 
filled  with  mercury,  after  the  manner  illustrated  in  fig.  274.  A 
horseshoe  shaped  copper  rod  is  attached  at  its  centre  to  the 
armature,  and  each  leg  dips  into  one  of  the  mercury  cups.  The 
contact  is  thus  reliable,  but  there  is  a  chance  of  serious  sparking 
occurring  at  the  mercury  surface  when  the  contact  is  broken  with 
a  heavy  current,  especially  if  any  large  electro- magnet  having  con- 
siderable self-induction  is  included  in  the  circuit.  The  advantages 
of  such  a  cut-out  are,  that  it  can  readily  be  adjusted  to  act  with 
certainty  with  any  given  current,  either  by  varying  the  tension  01 
an  antagonistic  spring,  or  by  altering  the  centre  of  gravity  of  the 
moving  piece.  It  can  also  be  arranged  to  automatically  restore 
the  connection  when  the  current  falls  again  to  a  safe  value.  Al- 
though this  latter  arrangement  is  not  as  a  rule  adopted,  the 
apparatus  can  be  immediately  restored  to  its  normal  state  by  hand, 
when  the  cause  of  the  abnormal  rise  in  the  current  has  been  dis- 
covered and  removed.  It  is  manifest  that  the  resistance  of  the 
apparatus  must  be  kept  extremely  low  to  avoid  serious  loss  of 
l)ower.  It  requires  a  certain  amount  of  attention,  and  is  expensive 
compared  with  the  type  next  to  be  considered,  viz.  the  simple 
fuse. 

A  fuse  can  be  constructed  so  as  to  offer  very  little  resistance, 
and  therefore  to  absorb  l)ut  little  power.  It  must  of  course 
offer  some  resistance,  since  it  is  owing  to  the  heat  developed  by 
the  current  in  overcoming  this  resistance  that  the  fuse  is  melted. 
Obviously  a  fuse  made  of  a  metal  which  has  a  low  melting  point 
requires  comparatively  little  electrical  energy  to  raise  it  to  a  state 
of  fusion  ;  and  hence  a  fuse  composed  of  such  a  metal  may  be 
made  of  lower  resistance,  and  so  absorb  less  power,  than  if  a  metal 
with  a  high  melting  point  (such  as  platinum,  2,000°  C.)  were 
employed.     In  fact,  with  a  well-designed  fuse  the  chief  cause  oi 
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loss  of  power  is  likely  to  be  in  the  careless  connection  of  its 
extremities  to  the  terminals. 

Such  a  cut-out  has  no  working  parts  likely  to  get  out  of  order 
or  to  need  any  attention,  is  very  inexpensive,  and,  if  properly 
designed,  can  be  relied  upon  to  act  when  the  current  reaches  any 
particular  strength,  or  at  any  rate  within  about  5  per  cent,  of  it. 

The  fuse  must  be  designed  so  as  to  break  promptly  and  cer- 
tainly, and  manifestly  it  should  not  be  of  a  material  which  might 
get   red-hot   before   it   melted,  other>vise   the    danger  from   fire 
becomes  serious.     The  lower  the  temperature  at  which  the  metal 
employed  melts,  the  less  is  the  danger  thus  incurred.     It  must  not 
be  forgotten  that  good  conductors  of  electricity  are  also  good  con- 
ductors of  heat,  and  that  therefore  the  ter-  ^i^.  337. 
minal  screws  to  which  the  fuse  is  attached 
tend  to  conduct  the  heat  away  as  well  as 
to  dissipate  it   by  radiation.      This  fact 
necessitates  the  fuse  being  made  rather 
longer  than  would  otherwise  be  the  case  ; 
and  while  the  terminals   must  be  suffi- 
ciently massive  to  allow  good  and  reliable 
connection,  they  should  not  be  unneces- 
sarily so. 

It  is  almost  superfluous  to  add  that  the 
metal  employed  should  be  durable,  and 
not  subject  to  change  from  any  cause  such 

as  oxidation.  Platinum  fulfils  this  condition  admirably,  and  yet  it 
is  a  most  unsuitable  material  for  general  work  on  account  of  the 
high  temperature  at  which  it  melts.  It  is,  in  fact,  easy  to  maintain 
it  at  a  bright  red  heat  for  a  considerable  length  of  time.  Tin, 
however,  melts  at  235°  C.  ;  it  is  ver>^  durable,  only  slightly  oxi- 
disable,  and,  taking  all  things  into  consideration,  is  undoubtedly 
the  best  metal  for  a  fuse.  The  base  on  which  the  fuse  is  mounted 
should  be  incombustible,  and  is  usually  of  slate  or  glazed  porcelain. 
It  should  also  be  protected  with  an  incombustible  cover,  preferably 
of  porcelain  or  brass.  AV^here  a  number  of  fuses  are  mounted  on  a 
single  base  for  purposes  of  distribution,  as  in  fig.  337,  they  should 
be  so  arranged  that  the  molten  metal  from  a  ruptured  fuse  should 
not  be  able  to  fall  upon  a  neighbouring  fuse. 
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Amongst  the  best  work  in  this  field  is  that  performed  by  Mr. 
A.  C.  Cockburn,  whose  fuse  is  illustrated  in  fig.  338.  The  wire  is 
of  pure  tin  :  a  leaden  shot  is  cast  on  at  the  middle  of  the  wire, 
and  its  extremities  terminate  in  small  contact  rings.  These  rings 
j^,^^     g  are  slipped  over  the  terminal  screws, 

and,  the  nut  being  tightly  screwed 
down,  reliable  contact  is  ensured.  The 
distance  between  the  screws  is  such  that 
the  sag  of  the  wire  is  about  equal  to 
that  shown  in  the  figure,  and  imme- 
diately the  current  becomes  strong 
enough  to  develop  suflicient  heat  to 
soften  the  wire,  the  weight  of  the  leaden  shot  causes  a  prompt  and 
decided  break.  The  disconnection  thus  occurs  long  before  the  tem- 
perature is  reached  at  which  the  metal  would  become  red  hot,  and 
before  dry  wood  would  ignite  or  even  char.  The  rings  at  the  ends 
of  the  wire  enable  the  replacement  of  a  fuse  to  be  effected  with 
ease  and  rapidity,  and  they  have  the  further  advantage  that  they 
avoid  any  uncertainty  as  to  the  length  of  wire  actually  in  use. 

For   heavy   currents   several    comparatively  small    fuses   are 
frequently  joined  in  parallel,  instead  of  employing  a  massive  wire, 
y^^_  an  arrangement  which   makes  more 

certain  the  breaking  of  the  fuses  when 
the  particular  current  strength  is  ex- 
ceeded. 

An   excellent   type  of  cut-out  is 
made  by  Messrs.  Verity  &  Sons  ;  one 
of  the  double-pole  form  is  illustrated 
in  fig.  339.     The  conductors  are  se- 
cured to  the  terminals  on  the  under 
side  of  the  glazed  porcelain,  the  fuses 
joining  the  upper  terminals  together 
and  so  completing  the  circuit.     A 
porcelain  cover  is  screwed  over  the 
cut-out  to  protect  it  from  injury.     The  most  interesting  part  is, 
however,  the  fuse,  which  is  illustrated  in  fig.  340.     The  fuse  wire 
is  fixed  between  two  brass  mounts  supported  by  a  strip  of  hard 
fibre.     The  brass  mounts  are  clamped  in  the  terminals  of  the  cut- 
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out,  the  slots  allowing  a  renewal  to  be  made  very  expeditiously.  A 
slight  modification  of  this  type  is  illustrated  in  fig.  341,  which 
represents  a  six-way  single-pole  distribution  board  ;  a  single  con- 
ductor is  connected  to  the  long  brass  bar  on  the  lower  portion  of 
the  slate  base,  and  the  current 
is  then  divided  betw^een  the  ^'^'  340. 

six  smaller  circuits  (taking  up 
to  ten  amperes  each)  which 
branch  out  therefrom.  The 
best  practice  is  to  insert  a  fuse 
at  these  points,  and  the  fuses 

illustrated  are  provided  with  flat  brass  mounts,  which  are  simply 
forced  in  between  a  pair  of  stiff  bent  brass  springs  at  each  end. 
Renewal  is  therefore  very  easy. 

Several  simple  cut-outs  are  also  made  by  the  Edison  and 
Swan  Electric  Light  Company,  and  one  of  them  is  illustrated  in 
fig.  342.     This  is  a  double-pole  cut-out — that  is  to  say,  one  which 

Fig.  341. 


^BKt% 


introduces  a  fuse  into  both  the  conductors  of  a  circuit.  The  cut- 
out is  made  on  the  same  principle  as  the  collar  of  the  Edison 
lamp  (p.  647),  the  fuse  being  mounted  on  a  plug.  One  of  these 
plugs,  A,  is  shown  in  ix)sition  in  the  figure.     The  upper  socket 


Digitized 


by  Google 


730  Electrical  Engiyieering  chap.  xvit. 

is  shown  without    its  plug,  and  the  method   of  completing  the 
circuit  through  the  cut-out  is  there  made  evident.     Many  other 
types  of  fusible  cut-outs  are   in    use,  but   those   described  are 
j,j^  ,  ^  typical   of   the    best   for 

general  work, 
j         An   illustration   of  a 
'    method  by  which  a  cut- 
out may   be  applied   to 
I    protect  a  suspended  lamp 
is   furnished  by  fig.  343, 
which  shows  the  porcelain 
base   of   a   ceiling  -  rose. 
The  leads  enter  through 
holes  in  the  l)ase,  and  arc- 
connected  each  to  a  small 
brass  block  or  strip ;  one 
of   these    blocks    is   also 
connected  to  one  lamp  terminal,  and  the  other  block  to  one  end 
of  the  safety  fuse  shown  at  the  back  of  the  figure.     The  other  end 
of  the  fuse  and  the  other  terminal  of  the  lamp  are  joined  to  the 
third  brass  block.     The  flexible  double  wire  by  which  the  lamp  is 
Fig.  343.  suspended  is  threaded 

through  a  hole  in  the 
centre  of  the  cover, 
which  screws  on  to 
the  base,  and  which 
should  be  provided 
with  a  means  for 
clamping  the  flexible 
conductors,  and  there- 
by taking  the  strain  due 
to  the  weight  of  the 
lamp  and  its  fittings, 
instead  of  throwing  that  strain  on  to  the  screws  to  which  the  ends 
of  the  flexible  wires  are  secured. 

One  possible  objection  to  the  use  of  a  fuse  is  that  when  it  does 
act  under  the  influence  of  a  too  powerful  current  it  is  destroyed, 
breaks  the  circuit  of  the  lamp  or  lamps,  and  must  be  replaced 
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before  the  circuit  is  again  available.  It  will  be  evident  that  such 
cut-outs  must  be  cheap,  and  placed  in  accessible  situations  ;  but, 
after  all,  a  cut-out  is  a  somewhat  clumsy  device.  It  is  not  an 
engineering  job,  and  its  too  extensive  use  bespeaks  bad  work  or  a 
want  of  confidence  on  the  part  of  those  who  thus  use  it.  The 
number  employed  should  be  made  as  small  as  possible,  for  every 
one  is  a  source  of  leakage,  and  often  a  source  of  danger. 

In  a  previous  chapter  we  have  described  certain  instruments 
called  ammeters,  which  are  capable  of  indicating  the  number  of 
amperes  of  current  flowing  through  them  at  any  particular  moment, 
but  which  are  unable  to  measure  the  actual  quantity  of  electricity 
passed  through  them  during  any  given  time.  In  just  the  same 
way  a  thermometer  indicates  the  temperature  at  any  moment,  but 
gives  no  idea  of  the  quantity  of  heat  actually  developed  or  ab- 
sorbed. In  the  commercial  distribution  of  electricity  for  lightins^ 
or  other  purposes,  it  is  essential  that  a  *  meter '  should  be  provided 
which  is  capable  of  measuring  and  by  some  means  recording  the 
quantity  of  electricity  supplied  to  any  one  consumer  during,  say,  a 
month  or  three  months.  The  unit  quantity  of  electricity  is  the 
coulomb  -  that  is,  the  amount  transferred  by  a  current  of  one 
ampere  during  one  second  ;  hence  an  instrument  such  as  that 
referred  to  might  aptly  be  called  a  coulomb-meter. 

The  coulomb  is,  however,  too  small  to  serve  as  a  unit  for 
electric  lighting  work,  and  it  has  been  usual  to  employ  as  a  unit 
the  quantity  of  electricity  transferred  by  a  current,  one  ampere  in 
strength,  during  one  hour,  this  unit  being  known  as  the  *  ampere- 
hour.'  If,  for  example,  a  secondary  cell  were  allowed  to  maintain 
a  current  of  15  amperes  for  2\  hours,  the  (juantify  of  electricity 
obtained  from  the  cell  during  that  time  would  be  15  x  2*5  =  37*5 
ampere-hours,  and  the  amount  of  electrical  energy  developed  could 
be  found  by  multiplying  by  the  pressure  in  volts.  But  even  this 
larger  unit  is  somewhat  small  for  the  measurement  of  supply  on  an 
extensive  scale,  and  a  still  larger  unit,  known  as  the  Board  of  Trade 
unit,  has  taken  its  place.  It  is  equal  to  that  amount  of  electrical 
energy  which  is  developed  or  absorbed  by  a  current  of  1,000 
amperes  at  a  pressure  of  one  volt  during  one  hour.  It  is  therefore 
equal  to  1,000  am pere-volt- hours. 

This  Board  of  Trade  unit  is,  then,  the  unit  by  which  the  elec- 
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tricity  supplied  is  measured  and  charged.  In  most  cases  a  certain 
piece  of  apparatus  is  introduced  to  indicate  the  number  of  ampere- 
hours  supplied  to  the  consumer's  lamps,  and  this  quantity  multi- 
plied by  the  pressure  in  volts  and  divided  by  i,ooo  gives  the 
number  of  Board  of  Trade  units  upon  which  the  charge  is  based. 
But  it  is,  unfortunately,  far  from  easy  to  measure  a  quantity  of 
electricity  satisfactorily  on  a  commercial  scale.  In  fact,  the  instru- 
ment most  urgently  needed  in  the  electrical  world  at  the  present 
moment  is  a  simple,  reliable,  cheap,  and  compact  quantity  meter. 

Fig.  344. 


Many  efforts  have  been  made  to  produce  such  an  instrument, 
and  although  some  practical  forms  have  been  brought  into  use, 
much  yet  remains  to  be  done  by  the  usual  process  of  develop- 
ment. 

The  simplest  in  principle,  and  perhaps  also  the  most  interest- 
ing, is  that  devised  by  Professor  Forbes.  It  is  based  upon  the 
heating  effect  of  the  current,  and  is  consequently  available  for  use 
with  alternating  currents. 

The  apparatus  is  illustrated  in  fig.  344.  It  consists  of  two 
concentric  copper  rings,  supported  at  a  little  distance  above  the 
base  and  bridged  across  by  a  number  of  short  fine  wires.  The 
current  enters  at  one  ring  and  leaves  it  by  the  other,  passing 
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through  the  whole  of  the  fine  wires  in  parallel,  the  resistance 
offered  by  the  wires  being  about  yioth  of  an  ohm.  The  quantity 
of  heat  developed  in  these  wires  affords  the  means  of  estimating 
the  quantity  of  electricity  which  passes.  When  the  wires  become 
warm  the  heat  is  imparted  to  the  adjacent  air,  which  expands  and 
rises,  so  that  a  continual  upward  current  of  air  is  maintained  during 
the  whole  time  that  the  current  is  flowing,  the  strength  of  the  air- 
current  varying  of  course  with  the  extent  to  which  the  wires  are 
heated.  A  small  pillar  carrying  a  steel  needle  point  rises  through 
the  centre  of  the  rings,  and  a  thin  paper  cone  with  a  ruby  bearing 
at  its  apex  rests  on  the  needle  point.  The  base  of  the  paper 
cone  is  attached  to  a  small  horizontal  mica  disc,  from  the  edge 
of  which  project  eight  arms  made  of  pith,  each  carrying  a  very 
thin  mica  vane,  inclined  at  an  angle  of  45°  to  the  horizontal,  and 
placed  directly  over  the  fine  cross  wires. 

The  ascending  air  currents  caused  by  the  passage  of  electricity  ' 
strike  against  the  under  side  of  the  vanes,  and  cause  them  and  the 
jiaper  cone  to  rotate  ;  the  stronger  the  current  of  electricity  the 
more  powerful  are  the  air  currents  and  the  greater  the  number 
of  revolutions  in  a  given  time.  It  is,  therefore,  only  necessary  to 
add  some  device  for  recording  the  number  of  revolutions  in  order 
to  estimate  the  quantity  of  electricity  which  has  passed  through 
the  instrument. 

The  apex  of  the  paper  cone  consists  of  a  small  aluminium 
cone,  to  which  is  attached  the  ruby  bearing  above  referred  to,  and 
which  also  carries  above  the  apex  a  small  steel  pinion,  gearing 
into  a  train  of  wheels  as  shown  in  the  figure.  The  train  records 
the  number  of  revolutions  in  the  ordinary  manner ;  but  it  will 
readily  be  apparent  that,  since  the  force  which  causes  the  rota- 
tion is  so  feeble,  the  slightest  friction  would  be  inadmissible, 
and  the  whole  of  the  moving  parts  must  be  extremely  light  and 
delicate.  In  fact,  beautiful  as  the  principle  is,  it  is  to  be  feared 
that  it  will  be  difficult  to  develop  it  into  a  thoroughly  practical 
instrument. 

A  quantity  meter  also  based  upon  an  interesting  principle,  and 
which  in  spite  of  many  difficulties  has  been  brought  into  a  practical 
form,  is  that  of  Mr.  Ferranti.  We  know  that  a  conductor  when 
placed  in  a  certain  position  in  a  magnetic  field  is  urged  to  a  new 
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position  in,  or  entirely  out  of,  that  field,  immediately  a  current  is 
passed  through  the  conductor.  If  any  portion  of  the  conductor  is 
movable  independently  of  the  remainder,  we  can  move  that  portion 
only  by  sending  all  or  nearly  all  of  the  current  through  it,  A 
somewhat  striking  case  is  that  of  a  liquid  conductor,  such  as  acidu- 
lated water  or  mercury,  for  the  liquid  can  be  kept  continually  in 
motion  by  placing  the  containing  vessel  in  a  powerful  field,  and 
sending  a  current  through  the  liquid.  If  the  lines  of  force  of  the 
field  and  those  emanating  from  that  portion  of  the  liquid  which  is 
carrying  the  current  do  not  happen  to  coincide,  then  that  portion 
will  be  urged  to  a  new  position  just  as  a  copper  wire  would  be,  its 
place  being  taken  by  more  of  the  liquid,  which  undergoes  a  similar 
treatment. 

In  Mr.  Ferranti's  meter,  which  is  based  upon  this  principle,  the 
liquid  employed  is  pure  mercury.  This  is  contained  in  a  rather 
shallow  circular  vessel,  above  which  is  placed  a  solenoid  fitted 
with  a  hollow  iron  core  and  a  sheath,  so  disposed  as  to  project  a 
very  powerful  field  vertically  through  the  mercury.  The  current 
is  led  to  the  mercury  at  the  centre  of  the  vessel,  leaves  it  at  the 
circumference,  and  then  passes  through  the  magnetising  solenoid. 

Now  the  liquid  conductor  is  urged  to  move  in  a  direction  at 
right  angles  to  that  in  which  the  current  is  flowing  through  it,  and 
also  at  right  angles  to  the  lines  of  force  of  the  field.  The  direction 
of  the  current  is  radial,  and  supposing  the  lines  of  force  to  be 
projected  vertically  downward,  the  liquid  will  rotate  in  a  right- 
handed  direction  as  viewed  from  above.  The  force  with  which 
the  mercury  is  urged  to  rotate,  is  proportional  to  the  strength  of 
the  current  flowing  through  it  and  to  the  strength  of  the  fixed  field. 
This  field  might  be  kept  constant ;  or  by  employing  the  same 
current  to  excite  the  solenoid,  and  never  allowing  the  iron  to 
approach  the  saturation  point,  the  field  may  be  made  to  vary  with 
the  current,  when  the  force  tending  to  produce  rotation  will  be 
proportional  to  the  square  of  the  current. 

The  mercury  in  rotating  carries  with  it  a  light  float,  which  is 
attached  to  the  lower  end  of  a  light  rod  terminating  at  its  upper 
extremity  in  a  pinion  which  gears  into  a  wheel  forming  part  of  the 
mechanism  employed  to  indicate  the  number  of  revolutions  made 
by  the  float.     Of  course  the  force  acting  is  very  small,  and  any 
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appreciable  friction  would  seriously  aflect  the  indications  ;  but  all 
these  difficulties  have  been  overcome,  and  reliable  instruments 
based  upon  this  principle  are  now  in  use. 

Fir,.  145 


Another  good  meter  which  is  extensively  employed  is  the  Aron 
Electricity  Meter,  illustrated  in  fig.  345.     It  is  provided  with  the 
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usual  speed-counting  index,  which  is  actuated  by  the  difference 
in  the  speed  of  rotation  of  two  distinct  sets  of  clockwork.  Each 
set  is  furnished  with  a  pendulum,  both  pendulums  being  adjusted 
to  oscillate  at  exactly  the  same  rate  in  the  absence  of  any 
disturbing  element.  The  bob  of  the  pendulum  shown  on  the 
left  in  the  figure  is  an  ordinary  weight,  but  that  of  the  right>hand 
pendulum  is  a  permanent  magnet.  So  long  as  both  pendulums 
continue  to  oscillate  at  exactly  the  same  rate,  no  movement  of  the 
indicating  pointers  takes  place,  but  they  begin  to  indicate  directly 
the  right-hand  pendulum  is  accelerated.  This  acceleration  is 
made  to  take  place  by  means  of  a  solenoid  fixed  underneath  the 
magnet,  and  through  which  the  main  current  passes.  As  the  ac- 
celeration is  proportional  to  the  strength  of  the  current,  it  is 
evident  that  the  instrument  can  be  so  adjusted  that  the  index  will 
indicate  in  ampere-hours.  To  make  this  or  any  similar  meter 
serve  the  purpose  of  an  energy  meter,  it  is  necessary  to  multiply 
the  ampere-hours  by  the  standard  pressure  at  which  the  current  is 
supplied,  and  hence  the  accuracy  of  the  result  depends  quite  as 
much  upon  the  constancy  of  the  pressure  as  it  does  upon  the 
accuracy  of  the  instrument. 

An  entirely  different  type  of  meter,  which  also  measures  in 
ampere-hours,  is  that  based  upon  the  electrolytic  properties  of  the 
current,  and  which  possesses  the  advantage  that  no  delicate  me- 
chanism need  be  employed  in  connection  with  it.  Wlien  a  current 
is  passed  through  a  solution  containing  a  metal,  such  as  nitrate  of 
silver  or  sulphate  of  copper,  the  solution  is  decomposed,  and  the 
metal  which  it  contained  is  deposited  on  the  wire  or  strip  of  metal 
by  which  the  current  leaves  the  liquid.  Such  a  wire  or  strip  by 
which  the  current  leaves  or  enters  the  liquid  is  called  an  electrode. 
Suppose,  for  example,  a  solution  of  nitrate  of  silver  with  silver 
electrodes  to  be  employed,  then  pure  silver  would  be  deposited 
from  the  solution  upon  that  electrode  by  which  the  current  leaves. 
Moreover,  an  exactly  equal  quantity  of  silver  would  be  dissolved 
from  the  other  electrode  ;  this  might  easily  be  proved  by  weighing 
before  and  after  the  passage  of  a  current,  for  it  would  be  found  that 
the  one  had  lost  in  weight  just  as  much  as  the  other  had  gained. 
The  solution,  then,  remains  as  rich  in  metal  as  it  was  before  the 
passage  of  the  current ;  but  if  the  electrode  by  which  the  current 
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enters  were  made  of  carbon,  or  an  unassailable  metal  like  platinum, 
the  solution  would  lose  just  as  much  metal  as  is  deposited  on  the 
other  electrode,  the  carbon  or  platinum  not  being  dissolved  at  all. 

It  is  a  most  important  fact  that  the  weight  of  metal  deposited 
in  this  manner  is  exactly  proportional  to  the  quantity  of  elec- 
tricity which  has  passed  through  the  solution,  irrespective,  within 
wide  limits,  of  the  density  of  the  solution  or  the  strength  of 
the  current  at  any  part  of  the  time.  It  follows  that,  after  having 
ascertained  the  weight  of  any  metal  which  is  deposited  by  a 
coulomb  of  electricity,  or  by  an  ampere-hour  of  electricity,  we  can 
always  calculate  exactly  the  quantity  of  electricity  which  has  been 
transferred  on  any  occasion,  provided  we  find  out  what  weight  of 
that  metal  the  current  has  deposited.  Now,  the  solutions  which 
at  present  concern  us  most  are  nitrate  of  silver,  sulphate  of  zinc, 
and  sulphate  of  copper,  and  it  has  been  found  by  experiment  that 
one  coulomb  (or  ampere-second)  is  capable  of  depositing  from 
these  solutions  i-ii8  milligramme  of  silver,  0*33696  milligramme 
of  zinc,  and  0*32709  milligramme  of  copper  respectively.  The 
ampere-hour,  being  3,600  times  greater  than  the  coulomb,  deposits 
4024-8  milligrammes  of  silver,  1213-056  milligrammes  of  zinc,  or 
1177*524  milligrammes  of  copper.  So  long  as  the  total  quantity 
of  current  which  passes  is  the  same,  it  is  immaterial  whether  the 
deposition  is  effected  by  a  weak  current  flowing  for  a  long  time  or 
a  stronger  current  flowing  for  a  correspondingly  shorter  time.  Thus 
a  current  of  half  an  ampere  flowing  for  48  hours  will  deposit  the 
same  weight  of  copper  as  a  current  of  16  amperes  flowing  for 
i^  hour  ;  in  either  case  the  total  quantity  of  electricity  is  24  ampere- 
hours.  It  is  necessary,  however,  to  take  care  that  the  surface  of 
the  electrode  shall  be  ample,  otherwise  the  metal  is  deposited  so 
rapidly  on  a  small  surface  that  it  becomes  granular,  and  does  not 
adhere. 

Now  suppose  we  take  a  vessel  containing  a  solution  of  zinc- 
sulphate,  and  dip  into  the  solution  two  zinc  strips  which  have  been 
accurately  weighed.  If,  by  suitable  connections,  we  insert  this 
arrangement  in  one  of  the  main  leads  of  an  electric  light  circuit, 
zinc  will  be  dissolved  from  one  electrode,  and  an  equal  amount 
deposited  on  the  other  whenever  a  current  is  passing.  If  at  the 
end  of  a  month  the  plates  are  removed,  carefully  dried,  and  weighed 
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again,  the  total  amount  of  electricity  which  has  during  that  period 
been  supplied  to  the  lamp  circuit  can  be  very  accurately  estimated. 
Slight  impurities  and  local  actions  may  in  practice  prevent  the  gain 
of  the  one  being  exactly  equal  to  the  loss,  of  the  other,  but  by 
weighing  them  both  and  taking  the  mean  of  the  loss  and  gain, 
a  more  reliable  result  can  be  arrived  at.  As  a  rule,  however,  only 
the  loss  on  the  plate  by  which  the  current  enters  the  cell  is 
taken  as  a  measure  of  the  quantity  of  current  which  has  passed. 
Suppose  this  loss  amounted  to  1,213  grammes,  then  the  quantity 
of  electricity  upon  which  the  charge  would  be  based  would  l)e  1,000 
ampere-hours. 

The  *chemicar  meter  of  Edison  is  constructed  upon  this 
principle,  and  it  will  be  as  well  to  point  out  a  few  of  the  possible 
sources  of  trouble  and  inaccuracy  in  the  simple  arrangement  just 
mentioned  before  describing  the  practical  form  of  the  meter. 

The  cell  offers  some  resistance  to  the  passage  of  the  current, 
depending  upon  the  size  of  the  plates  and  their  distance  apart, 
and  in  order  to  allow  it  to  be  placed  directly  in  an  ordinary  electric 
light  main,  the  size  of  the  plates  would  have  to  be  unduly  large. 
It  is  necessary,  therefore,  to  use  the  cell  as  a  shunt,  bridging  over 
a  short  portion  of  the  main  circuit  having  a  resistance  equal  to,  say, 
■^\^  of  its  own  ;  in  that  case  the  meter  measures  y^j\j^  of  the 
total  current  flowing. 

But  then  temperature  variations  alter  the  resistances  sufficiently 
to  cause  grave  errors  in  the  results.  A  rise  in  temperature,  for 
instance,  reduces  the  resistance  of  the  liquid,  but  increases  that 
of  the  portion  of  the  main  conductor  which  is  shunted  by  the  cell. 
Both  these  effects  tend  to  cause  an  increase  in  the  proportion  of 
the  current  flowing  through  the  meter,  and  such  variations  must  in 
some  way  be  compensated  for. 

Moreover,  the  temperature  may  fall  low  enough  to  freeze  the 
liquid.  Also,  since  any  external  cause  which  cools  the  liquid  or 
the  shunted  metallic  conductor,  or  both,  makes  the  meter  register 
lower  than  it  should  do,  care  must  be  taken  to  so  place  these  parts 
as  to  avoid  leading  the  consumer  into  temptation.  For  similar 
reasons  the  terminals  of  a  meter  should  never  be  exposed,  nor  any 
other  facilities  given  for  short-circuiting  the  apparatus. 

The  practical  form  of  the  Edison  meter,  as  fitted  for  use  in  a 
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simple  circuit,  and  in  which  these  difficulties  are  overcome,  is 
illustrated  in  fig.  346.  At  the  bottom  of  the  case  is  an  incan- 
descent lamp,  which  is  automatically  thrown  into  circuit  whenever 
the  temperature  approaches  the  freezing  point,  and  so  keeps  the 
solution  from  freezing.  Above  the  lamp  is  placed  a  stout  zigzag 
strip  of  German  silver,  which  is  joined  up  in  the  main  circuit.  It 
offers  but  little  resistance,  and,  since  its  temperature  coefficient 
is  small,   this   resistance 

'  Fk..  -46. 

varies  but  slightly  through 
ordinary  changes.  Above 
this  strip  two  cells  are 
placed,  each  containing 
two  zinc  plates  immersed 
in  a  sulphate  of  zinc  solu- 
tion. The  zinc  is  de- 
posited at  a  definitely 
faster  rate  in  one  cell 
than  in  the  other,  and  an 
additional  check  obtained 
by  comparison  of  the  two 
cells.  The  difference  in 
the  rate  of  deposition  is 
effected  by  causing  one 
cell  to  bridge  a  larger  por- 
tion of  the  German  silver 
strip  than  the  other ;  the 
dividing  terminal  is  seen 
in  the  figure  at  the  end 
of  the  second  bend  from 

the  right.  The  most  important  of  the  possible  sources  of  error 
is  that  due  to  the  temperature  variation  of  the  resistance  of  the 
liquid.  This  is  compensated  for  and  the  resistance  of  the  cell 
circuit  kept  constant  in  a  very  simple  manner.  When  the  tem- 
perature rises  the  resistance  of  the  liquid  decreases^  but  the  re- 
sistance of  a  metal  (copper  for  instance)  increases,  A  spiral  of 
copper  wire  is  joined  in  series  with  each  cell,  of  such  a  resistance 
that  with  a  given  rise  in  temperature  the  resistance  of  the  spiral 
increases  by  just  as  much  as  the  resistance  of  the  liquid  is  de- 

3  B^ 
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creased.     These  spirals  are  placed  behind  the  cells  and  are  not 
visible  in  the  figure. 

The  meter  is  placed  in  the  circuit  of  one  of  the  mains  feeding 
the  group  of  lamps  in  which  the  electricity  consumed  is  required 
to  be  measured. 

The  variation  of  the  resistance  of  the  German  silver  strip 
caused  by  temperature  changes  is  not  sufficient  to  introduce  any 
great  error.  As  a  rule  its  resistance  is  -^J^  that  of  the  cells  and 
compensating  wire,  so  that  the  cell  measures  y^^^^  of  the  total 
current  passing  through  the  main  circuit 

The  method  of  throwing  the  heating  lamp  in  circuit  when  the 
temperature  falls  too  low  is  simple  and  ingenious.  One  terminal 
of  the  lamp  is  connected  to  one  of  the  mains,  and  its  other  to  a 
small  contact  stud  placed  just  above  the  holder.  Above  this  stud 
is  another  contact,  carried  at  the  end  of  a  long  straight  compound 
metal  strip,  which  is  fixed  at  the  other  end  (to  the  left  in  the 
figure)  and  connected  to  the  other  main.  The  strip  is  formed 
of  two  metals,  which  expand  or  contract  unequally  when  the 
temperature  is  varied.  Under  ordinary  circumstances  the  two 
contact  studs  are  kept  apart  \  but  when  the  temperature  falls 
the  compound  strip  bends  or  curls  downward,  and  the  adjustment 
is  such  that  contact  is  made  and  the  lamp  thrown  in  circuit  when 
the  temperature  approaches  within  two  or  three  degrees  of  freezing- 
point 
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Act  TMULATOHS.   Scc  Secondary  Batterie:> 

Acidometers,  555 

Acme  switch,  724 

Action,  local,  63 

Adjustment  of  brushes,  316,  471 

Agglomerate  Leclanch6  cell,  54 

Air,  magnetic  resistance  of,  a2i 

—  permeability  of,  3x4 

--  pumpft,  mectianical,  633,  637,  641,  657 

mercury.  633 

Geissler,  634 

Gimingham,  638 

heated,  642 

short-fall,  642 

Sprengel.  635 

Stearn,  642 

Swinburne,  641 

Alloys,  resistance  of,  20 

Altencck,  Hefner-,  dynamometer,  501 

Alteration  of  speed  of  dynamos,  enect  of, 

345 
Alternate  current  arcs.    See  Arc  Lamps 
circuits,  incandescent  lamps  on,  652, 

659 

dynamos,  254,  505  1 

De  Meritens,  274 

Feiranti,  284 

KapD,  ayS 

Mordey,  simple  form,  270 

Mordev- Victoria,  288,  506 

parallel  in,  295,  506 

Shuttle,  265 

— Siemens,  285  1 

Wheatstone,  269  . 

—  -  motors,  505 

Alternating  currents,  apparatus  for  mea-       | 
suring,  xi6.  128  1 

—  potential  differences,  apparatus  for  mea-       I 
suringj  i8q,  206 

Alternations  and  reversals,  280  . 

Alterxuitors.        See     Alternate     Current 

Dynamos  | 

Amalgamatiun,  65 


Ammeter,  Ayrton  and  Perry,  117 

—  Evershed,  122 

alternating  current,  128 

—  gravity,  122 

—  iCelvin  Sundard,  130 

—  Schuckert,  lai 

~  Socitftrf  des  T^Mphones,  129 
Ammeters,  117 

—  and  voltmeters  compared,  201 
Ampere,  the,  24 
Ampere-hour,  731 
Ampere-turns,  125,  219,  322,  400 

on  a  voltmeter,  207 

Amyl-acetate  lamp,  675 
Analysis  of  light,  583 

secondary  battery  pellets,  557 

Angle  of  dip,  96 

lead,  314,  32a,  348,  39a,  405 

in  motors,  47^,  474,  484 

maximum  sensitiveness,  1 10 

variation,  96 

—  sine  of  an,  a6o 
Applications,  dynamos,  of,  460 

—  incandescent  lamps,  of,  671 

—  motors  and  their^  461 

—  secondary  batteries,  of,  571 
Arc,  electric,  the,  579 

—  lamp,  Brockie-Pell.  614 
Brush,  607 

Crompton-Pochin,  617 

Jablochkoff,  597 

Phoenix,  619 

Pilsen,  601 

Werdemann,  598 

—  lamps,  578 

aJteroating  current,   580,   594,    595, 

596,600 

candle  power  of,  594 

carbon,  consumption  of,  580,  6a 2 

cored,  593 

density  of,  593 

flutcdj594 

impurities  m,  5S5 
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Arc  lamps,  carbon,  manufacture  of,  593 

properties  of,  593 

quality  of,  591 

resistance  of,  593 

temperature  of.  582 

Varley's  flexible,  59a 

volatilisation  of,  579,  585 

choking  coils  for,  534,  62a 

claittifications  of,  599 

counter  b  m.f.,  supposed,  587 

crater,  the,  580 

fall  of  potential  at  the,  587 

cut-out  for,  599 

Davy's  experiments,  578 

difierential,  601 

double-carbon,  609,  623 

B.M.F.  required,  587,  589 

feeding  arrangements,  580,  600 

focussing,  600 

globes,  effect  of,  594 

hissing,  591 

intrinsic  brilliance,  586,  590 

iron  rods^  with,  589 

length  of  arc,  589,  591 

I>arallel  and  series,  599,  6ji, 

power  absorbed  by,  594,  620 

resistance  of  arc,  588 

screening,  579,  591,  59a,  596 

steadying  resistances,  600,  6^1 

^'arying  leneth  of  arc,  591 

—  standard  of  light,  676 

Area  of  Held  between  pole  pieces,  increase 
^  of.  391 

Armature,  dynamo.    See  Dynamo  arma- 
tures 

—  for  steel  magnets,  94 
Aron  meter,  735 
Arrangement  of  cells,  80 
Asbestos,  458 

Atomic  weights  and  equivalents,  48 
Attraction  and  repulsion,  electric,  i 

magnetic.  94 

fields,  Dciween,  46^ 

parallel  conductors,  between,  84, 

112,  131 

instruments  for  measuring, 

113,  130 

Automatic  alarum  for  secondary  batteries, 
575 

—  blower,  Thomson-Houston,  456 

—  regulators  for  dynamos,  350,  368,  371, 
4"t  447i  454 

—  switch  for  secondary  batteries,  574 
Average  B.M.P.,  259,  308,  320 

Axis  of  a  magnet,  96 

Ayrton  and  Perry  ammeter,  117 

dispersion  photometer,  685 

hot-wire  voltmeter,  199 

B.  A.  unit,  the,  17 

Back-electromotivc    force.      See  Counter 

E.M.K. 

—  ningncto-niotive  force,  392 
Balanw,  Kelvin,  130 

Ballt.slic  galvanometer,  ?48,  253,  585 
Bare  conductors,  486.  494,  C97,  701,  707 
Batteries.     Sec  also  Colls 

—  external  potential  difference  of,  81 


Batteries,  fall  of  potential  in,  £0 

—  measurement  of  resistance  of,  140 

—  primary,  46 

—  secondary.    See  Secondary  Batieries 

—  substitution  of,  82 
Battersea  dynamo,  423 
Battery,  floating,  87 

—  Grove's  gas,  536 

—  mud,  62 

Beam  of  light,  582,  685,  686 

Bedplates,   niagnetic    insulation  of  field 

magnets  from,  381 
Bernstein  lamp,  666 
Best  arrangement  of  cells,  80 
Bichromate  of  potash  cell,  58,  72 
Bismuth,  permeability  of,  216 
Bitumen  insulation,  717 
Blackening  of  incandescent  lamp  bulbs, 

636 
Blackpool  Electric  Tramway,  485 
Blower,  Thomson- Hou^on.  456 
Board  of  Trade  unit,  43,  731 
Boiling  in  secondary  batteries,  560,  570 
Bridge.    See  Wheatstone  Bridge 
Brilliance,  instrinsic,  of  crater,  586,  590 
Britannia  joint,  71a 
Brockte-Pell  lamp,  614 
Brooks'  system,  715 
Brush  lamp,  607 

—  dynamo,  440 

commutator  for,  441 

regulator  for,  447 

—  holder,  Goolden,  361,  366 
Brushes,  adjustment  of,  316,  471 

—  best  position  of,  316 

—  carbon  conucts,  with,  480,  483 

—  dimensions  of,  317 

—  exploring,  408 

—  Holroyd-Smith,  491 

—  lead  of,  314,  32a,  348,  392,  405,  484 

—  motor,  for,  491 


—  sparking  at,  316,  348,  406,  417  456   473 
Buckling,  560,  561,  564,  566,  567 
Bunsen  cell,  69 


»  56'.  564,  566, 
.9 
—  photometer,  683 


C.G.S.  system,  43 

—  unit  of  B.M.F.,  45,  259 
Cables,  bitumen,  7x7 

—  india*rubber  and  gutta-percha,  715 

—  lead  covered,  718 

Calculating  average  S.M.F.,  259,  308,  320 
Calibration,  1x6 

Callender's  bitumen  system,  7x7 
Candle-foot,  the,  689 

—  power  of  arc  lamp,  594 

incandescent  bmaps,  648,  668 

Jablochkoff  lamp,  598 

—  standard,  672 

Capacity  of  secondary  batteries,  569 
Carbon  in  arc  lamps.    See  Arc  Lamps 

incandescent  lamps.  See  Incandesccnl 

Lamps 

—  resistance  of,  593 

—  -  resistances,  447 
Carbonising,  630 
Carcel  lamp,  675 
Cardew  volimeter,  X89 
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Cardew  voltmeter,  resistance  coils  for,  197 

—  safety  device  for  transformers,  431 
Casing,  wood,  720 

Cast  and  wrought  iron  for  field  magnets, 

J73,459 
(.  eilmg  roses,  730 
Cell.    See  also  Batteries 
~  agglomerate,  54 

-  bichromate  of  potash,  58,  7a 

—  Bunsen,  69 

—  Clark  standard,  55,  173,  185 

—  Constant,  50 

—  Danicll,  60,  75,  108,  xii,  174,  r8i 

—  Dry,  73 

—  Faure,  54a 

—  Fuller,  72 

--  Grove,  69,  75 

—  Leclanch^,  50 

—  secondary.    ^V*'  SA;ondary  Batteries 
simple,  2,  3,  46 

—  Smee,  40 

--  voltmeter  for  testing,  198 
Cells,  best  arrangement  of,  80 

—  ■  consumption  of  xinc  in,  80 

—  methods  of  grouping,  77 

—  parallel,  in,  77 

—  primary',  46 

for  electric  lighting,  74 

—  series  in,  75 

—  substitution  of,  formulse  for,  82 

—  testing  condition  of,  179 
Centra]  station  dynamos.  384,  425 

secondary  battery,  550 

Characteristic  curves,  334 

—  external,  339,  341 

Chatig^ing  secondary  batteries,  5Cx> 

Chemical    action  m  secondary  batteries, 

^5.35,.  555 

Chemically  pure  zinc,  64 

Circuit,  magnetic,  219 

—  power  absorbed  in  a,  624,  663 

—  —  developed  in  a,  336 
Circuits,  parallel,  27,  141 

City  and  South  London  Railway,  494 
Clark  standard  cell  55,  173,  185 

— E.M.K.  of,  56 

Closed  coil  constant  current  dynamo,  405 
Cock  burn  fuse,  728 
('ocrcive  force,  yi,  251 
Coil,  dimensions  of  a,  -jj.^ 

rcNistamc  of  a,  -^25 
Coils,  induction,  515 

—  resistance,  30 
Collector?,  263 

—  for  traction  motors,  408,  494,  495,  498 
Colour  of  secondary  battery  plates,  555 
Commutation,  297.  4X7i  426,  437 
Commutator,  eiKht-jjart,  307 

—  four-jiart,  305 

—  multipolar,  417,  426 

—  open  coil  4  37 

—  two-part,  297 
Commutators,  458 
Comparison  of  cells,  74 

-  tests  for  E.  M.  F.,  174 
Compound  and  shuiu  d>-namos,  368 

—  winding,  333,  349 
Compounding,  over-,  347 
Condition  of  cells,  testing,  179 


Conductivity,  commercial  copper,  of,  20 

—  electromagnetic,  89 
Conductor,  lines  of  force  about  a,  241 
Conductors,  zi,  694 

—  armature.    See  Dynamo  Armature  Con- 
ductors 

—  bare,  486,  494,  6^7.  7oi,  707 

—  fall  of  potential  m,  663,  699 

—  for  tramways,  conduits  for,  486,  498 

—  ; middle  rail,  494 

—  indoor^  720 

—  losses  m,  512,  663,  695 

—  overhead,  707 

—  table  of,  696 

—  underground,  486,  498,  695,  714 
Conduits,  486,  498,  714 
Constant  current,  49 

dynamos,  405,  436 

and  constant  potential  dynamos,  333 

.       lamps,  509 

regulator.    See  Regulator 

Construction  of  electromagnets,  2x7 
Consumption  of  carbons  in  the  arc,  622 
(Continuous  current,  3 
Copper,  conductivity  of  commercial,  20 
, —  pure  and  impure,  697 
Core,   armature,  lamination   of,  266,  312, 
359.  419,  424,  429,  43».  444,  458,  515 

—  effect  of,  88,  301 

—  electromagnet,  329 

—  iron,  quality  of,  229 

—  ring,  leakage  across  a,  311,  315 

■  —  gramme,  396 

Cored  carbons,  593 

Coulomb,  the,  25,  731 

Counter  E.M.F.  of  the  arc,  supposed,  5S7 

• motors,  466 

water,  537 

Couples,  mechanical,  97 

Crater,  the  arc,  580 

Crompton  dynamo,  399 

Crompton-Pochin  arc  lamp,  6x7 

Cross  connections,  lengthening  of  armature 

by,  361 
Cuban  fire-fly,  686 
Current,  constant,  49 

—  continuous,  3 

—  density'  in  secondary  battery  plates,  570 
-  direction  of,  10 

—  electric,  3,  7 

—  heat  developed  by  a,  190,  6-.'4 

—  lines  of  force  developed  by  a,  85 

—  resistance  independent  oF,  23 
retardation  of  a,  245 

--  strength,  24 

measurement  of,  84 

uniform  throughout  a  circuit,  26 

unit  of.  c".<;.s.,  45 

—  -     -  -  -  pr.iclical,  24 
work  tlone  by  a,  4 1 

Currents,  alternating,  apparatus  for  mea- 
suring, 116,  128 

—  direction  of  induced,  257 

—  E.M.K.  of  induced,  258 

—  -  and,  virtual,  531 

—  eddy.    See  Kddy  Currents 

—  Foucault.    See  Eddy  Currents. 

—  galvanometer  for  weak,  180 

—  heavy,  apparatus  for  measuring,  ixa 
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Currents,  induced,  241,  514 
Curves,  characteristic  334 
external,  340 

—  coercive  force,  251 

—  dynamo,  compound,  344 

series,  334,  34° 

shunt,  342 

—  E.M.P.,  299,  306,  408 

—  horsepower,  337 

—  incandescent  lamp,  efliciency,  650 

—  losses  in  armatures,  433 

—  magnetisation,  232 

—  potential  difference,  terminal,  306 

—  secondary  batter>%  charging,  561 
discharging,  563 

variation  of  e.m.f.  on  open  circuit, 

565 
_ peroxide,  558 

—  sine,  261,  268,  280,  298,  306 
Cut-outs,  arc  lamp,  599 

—  incandescent  lamp,  series,  665 

Bernstein,  666 

■  Goldston,  669 

—  magnetic,  574,  725 

—  safety  fuses,  and,  725 


Dangers  attending  alternators  in  parallel, 

510 
Daniell  cell,  60,  75,  108,  iii,  174,  181 
De  Mcritens  alternator.  274 
Dead  point  in  simple  motors,  465 
Declination,  angle  of,  96 
Density,  current,  in  secondary  batteries, 

570 

—  magnetic,  223 

transformers,  in,  518 

—  solution,  of,  in  secondary  batteries,  S54i 
556     ..  . 

Depolansmg  solution,  72 

Design  of  dynamos,  points  in,  322,  389 

Detector,  lineman's.  134 

Deterioration  of  incandescent  lamps,  649, 

667 
Development  of  current  by  a  dynamo,  235 
Diamond  switch,  723 
Differential  galvanometer,  142 

—  lamps,  arc,  601 
Diffusion  of  liauids,  62 
Dimensions  of  brushes^  3x7 
electromagnet  coil,  225 

—  —  secondary  batteries,  552 
Dip,  angle  of,  96 

Direct  current  dynamos.     Sec  Dynamos 

—  driven  dynamos,  382,  460 

—  reading  Instruments.  117,  189 
Direction  of  currents,  10 
induced,  257 

line  of  force,  positive,  86 

—  —  rotation  in  motors,  471 
Discharge,  electric,  3 

—  rale  of,  in  secondary  batteries,  542,  550, 

^.S^2'  563  .      . 

Disintegration  in  secondary  batteries,  549, 

Dispersion  photometer,  685 
Distortion  of  field,  267,  313,  425,  453 

— in  motors,  471,  484 

Distribution  of  current,  5^8,  694 


Double-carbon  arc  lamps,  609,  623 

—  pole  switches,  724 

—  -  cut-outs,  Edison,  729 

--  winding  for  resistance  coils,  35 
Driving,  direct,  3B2,  460 

—  horns,  364 

1  )rum  machines.    See  D>*najno)> 
Dry  cell,  73 

Durability  of  secondary*  batteries,  ^68 
Dynamos,  alternate  current.   Sec  Alternate 
Current  Dynamos 

—  applications  of,  ^60 

—  armatures,  coils  in  parallel,  303 

—  -  conductors,  driving  horns  for,  364 

eddy  currents  in,  430 

Glover's  stranded,  430 

■ laminated,  364 

stripping  of.  360 

core,  264,  301  * 

e<ldy  currents  in,  266,  973,  312,  445 

h^Tileresis  in,  250.  431,  459 

lamination  of,  266,  3x2,  359,  4x9, 

424,  429,  43X,  458 

drum,  299,  318,  459 

advantages  of,  330 

—  _ lengthening  of,  by  cross  connec- 
tions, 361 

multipolar,  428 

efliciency  of,  320,  415 

flat  ring,  415 

Gramme,  311 

—  as  transformers,  519 

induction  in,  38  x 

losses  in.  430 

open  coil,  436 

ring,  299,  318,  459 

rise  of  temperature  m,  381 

.shuttle,  265 

ventilation  of,  317,  ^20,  378,  381 

—  automatic  regulators  for,  350,  jbS,  ^71, 
4",  447,  454 

—  brush -holder,  Goolden    366 

—  brushes,  adjustment  of,  3x6,  471 
exploring,  408 

sparking  at,  318,  34S,  406,  437,  456 

—  central  station,  384,  425 

—  commutation,  297,  417,  426,  437 

—  commutator,  eight-part,  307 

—  —  four-part,  305 

multipolar,  417,  426 

open  coil,  437 

two-part,  297 

—  commutators,  458 

-  compound  J  333,  349,  363 

—  compounding,  over-,  347 

—  constant  current,  405,  416 
and  constant  potential,  333 

—  design  of,  points  in,  369 

—  ■  devclopineiil  of  current  by,  .'35 

—  direct  current,  297 
Battersea,  4x5 

— Brush,  440 

commutator  for,  441 

regulator  for,  447 

Croinpton,  399 

Edison-Hopkinson,  3S1,  497 

—  leakage  in,  384 

(iooldcn,  356 

brush-holder  for,  361 
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Dynamo.>,  direct  cuncnl,  Kapp,  377 

Manchester,  394 

leakage  in,  395 

Paris>  and  Scotl,  397 

Phoenix,  373 

leakage  in,  389 

Schuckeri,  415 

Scott  and  Mountain,  401 

Statter,  405 

-  Thomson- Houston,  450 

regulator  for,  454 

blower  for,  456 

'IY"^»  4®* 

Victoria,  415 

—  leakage  in,  389 

driven,  382,  460 

--  distortion  of  field  in,  267,  313,  425,  453 

—  K.M.F.  of,  methods  of  incrc^ising,  265, 
308   . 

—  efficiency  of,   255,   332,   384,  430,  450, 
500 

—  electro  deposition,  for,  161 

—  experiments  with,  333,  348,  384,  395, 
403,  43i»  500 

—  external  characteristics,  339,  341 

—  field  of,  256 
area  of,  391 

distortion  of,  267,  313,  425,  453 

leakage,  322,  384,  395 

magnet  poles,  eddy  currents  in,  398 

magnets,  321,  381,  459 

cast  and  wrought  iron,  373,  459 

design  of.  322 

— magnetic  insulation  of,  38 1 

pole-pieces  in,  398 

saturation  of,  327 

—  steel  for,  264,  323 

Statter 's  method  of  varyinii,  407 

—  Hopkinson's  experiments  with,  384,  3^5, 
301 

—  leakage  in,  322,  384,  395 

—  losses  in,  4^0 

—  magnetic  circuit  of,  389 
resistance  of,  389 

—  motors  as,  466 

—  multipolar,  415,  459 

central  station,  425 

commutation  for,  417,  427 

■ drum  armatures,  428 

field  of  force,  417 

flat  ring,  415 

-^  end  play  in,  423 

lamination  in,  419,  4 -'4,  429 

—  oficn  coil,  436 
Brush,  440 

Thomson -Houston,  450 

— efficiency  of,  430 

—  parallel  in,  351 

—  permeability  of.  390 

—  potential  difference  at  terminals  of,  306, 
328 

--  power  absorbed  hy,  iii,  399 

developed  by,  limitationb  to,  324 

required  by,  325 

~  regulator,  Brush,  447 

Gooldcn,  368 

Statter,  371,  412 
Thomson- Houston,  454 

—  self-exciting,  316,  324 


Dynamos,  scries,  3.'4,  340,  436 

and  shunt  compared,  332 

in,  349 

varying  external  resistance,  effect  of, 

328 

—  shunt,  330 

—  —  and  compound,  368 
parallel  m,  351 

■ power  absorbed  by,  331 

—  speed  of,  effect  of  altering,  345,  348 

—  summary  on,  457 

—  wrought-iron  for,  264,  301,  35^,  373,  459 
Dynamometer,  Siemens,  113,  348 

—  Hcfner-Alteneck,  501 
Dyne,  the,  44 


E.c.c.  dry  cell,  73 
K.M.K.,  15 

—  arc  lamps,  required  for,  587,  589 

—  average,  ^59,  308,  y^o 

—  comparison  tests  for,  174 

—  -  counter-.     See  Counter  k.m.p. 

—  current,  and,  virtual,  53 j 

—  curves,  299,  306,  408 

—  dynamos,  of,  methods  of  increasing,  -65, 

308 

—  induced  curriMits,  of,  258 

—  l^umsden's  test  for,  181 

—  measurement  of,  173 

-  opposition  test  for,  177 

—  resistance  independent  o^  23 

,         —  secondary    batteries.      See    Secondary 

I  Hatteries 

]         —  tests  with  tangent  galvanometer,  174 

—  unit  of  c.Cj.s.,  45 

I  practical,  15 

I         K. p. s.  cells.     A/v  Secondary  Batteries 
Earth,  a  magnet,  the,  95 
Karth-relurn,  7,  487,  498 

!         Earth's  total  magnetic  force,  c6 

Economical  arrangement  of  cells,  80 
Eddy  currents,  266,  273,  312,  43J,  445 

armature  conductors,  in,  43-' 

field-magnet  pole-pieccs,  in,  v*3 

hysteresis,  and,  Mordeys  Experi- 
ments, 432 

—  -^ transformers,  in,  518 

Edison  filament,  628,  644 

—  fuse,  720 
--  meter,  736 

Edison- Hopkinson  dynamo,  381,  497 

—  leakage  in,  384 

motur,  405 

Efficiency  of  armatures.  3Z0 

flat  ring,  415 

dynamos,    jjj,    33.:,    3-4,    430,    430, 

—  -    incandescent  lamps,  6^9 

motors,  478,  480,  yyo 

secondary  batteries,  570 

—  -  transformers,  518 

I        Eight*part  commutator,  307 

Electric  arc,  the,  579 
I         —  attraction  and  repulsion,  3,  7 

—  dynamometers,  113,  34'^ 

I         —  lighling  by  primary  batteries,  74 
'        —  lines  of  force,  4 

—  railways,  494 
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Electric  slates,  two,  i 

tramway,  Blackpool,  485 
hlectrical  efficiency  of  dynamos,  4ja 

—  -  horse-power,  42.  337 
Llectricity  a  fonn  of  energ>',  4 

meters,  731 
Klectrification  bv  friction,  i 
I^lectro-chemical  equivalents,  47 
Klectro-deposition,  dynamos  for,  461 
Klectro-dynamometer,  Siemens,  1 13,  348 
Electro-magnet,  attractive  power  of,  218 

—  core  of,  229 

—  field  developed  by,  86,  218 

~  layers,  effect  of  increasing,  224 

—  rotating  keeper,  w  th,  269 

---  saturation  point  of,  118,  230,  336 

—  -  sustaining  power  of,  238 
Electro-magnetic  ammeters,  117 

and  electrostatic  voltmeters,  213 
-  coil,  dimensions  of,  225 

—  -  con'luctivity,  220 

—  field,  86,  2i8 

E.M.F.   developed   in   conductor  by, 

•"'41.  254 
produced  by  a  solenoid,  218 

-  -  strength,  247,  315 
---  induction,  214,  241 

—  voltmeters,  201 

—  resistance  of,  203 
Electro-magnets,  214 

—  construction  of,  217 
Klectro-motive  force.     Sec  E.si.K. 
Electrostatic  and   Electro-magnetic  volt- 
meters, 213 

—  voltmeter,  208 

for  low  potentials,  211 

Endplay  in  flat  ring  dynamos  423 
Enei^',   Board   o>    Trade   unit   of  elec- 
trical, 43,  731 
--  electricity,  a  form  of,  4 

—  unit  of,  25 

Epstein  secondary  batteries,  541 

E<]uipment,  installation,  ^4 

Equivalents,  electro-chemical,  47 

Erg,  the,  4^ 

Error,  heating,  in  voltmeters,  203,  205,  207 

Evershed  ammeter,  122 

—  ohmmeter,  164 

—  voltmeter,  204 

—  -  compeiissition  for  heatinj;  error,  205 
Evving's  experiments,  -'30,  233,  .'50 
Exhausting  lamp  bulbs,  633,  6^7 
Expansion  of  metals  by  a  current,  lyi 

--  secondary  batteries,  in,  549,  567 

P^xploring  brushes,  408 

External  characteristics  of  dynamos,  330, 

—  potential  difference  of  batteries,  81 

Fall  of  potential  in  batteries,  80 

conductors,  663,  699 

-     -  secondary  batteries,  563 
l\iraday\  transformer,  516 
Kaurc  Nccondary  battery,  542 
KcederN,  494,  479,  498,  705 
Keldniann's  incandescent  lamp  IcvIh,  65^ 
Kcllen  and  Guillcaume  cables,  719 
Ferranti  alternator,  284 


Ferranti  meter,  734 
■     transformer,  521 

Field,     electro-magnetic      Sec    Electro- 
magnetic Field 

—  magnets,  dynamos.     See  Dynamos 

—  of  force,  85 

Fields,  magnetic,  attraction  and  repuUion 

between,  84,  463 
Fdaments.    See  Incandescent  Lamps 
Fire-fly,  Cuban,  686 
Flashing,  631 

Flat-ring  armatures.    See  Dynamos 
Flat  spirals,  effects  between,  87 
Flexible  carbons  for  arcs,  592 
Floating  battery,  87 
Fluid  insulators,  7x0 
Fluted  carbons,  595 
F'ocussing  arc-lamps,  600 
Forbes  meter,  732 
Force,  coercive,  91,  2Si 

—  earth's  total  magnetic,  96 

—  electric  lines  of,  4 

—  electro-magnetic  field  of,  66 

—  lines  of,  about  a  conductor,  24 1 

—  magnetic  field  of,  85 

—  magnetising,  intensity  of,  at  a  point,  2z\ 

—  —  total,  219 

—  magneto-motive,  219  _ 

—  positive  direction  of  lines  of,  86 

-  unit  of.  co.s.,  44 
Forces,  parallelogram  of,  314 

Forming  secondary  battery    plates,    538, 

542 
Foucault  currents.    Sec  Eddy  CurrenLs 
Four-part  commutator,  305 
Frames,  resistance,  39 
Friction,  electrification  by,  1 

-  losses  in  dynamos,  430 
Fuller  cell,  7a 

Fuses,  53 1 1  726 


Galvanometer,  ballistic,  248,  953,  3S5 

—  differential,  142 

—  tangent,  loi,  135,  138,  174 

for  measuring  B.M.F.,  174 

resbtance,  135,  138 

Post  Office  form,  105 

scale,  105 

skew  scale,  iii 
~  -  Wheatstone  Bridge,  161 
Gas  battery,  536 

Gearing  for  motors,  480,  491,  493 
Geissler  pump,  634 
Gimingham  pump,  638 
Globes,  arc  lamp,  594 

Glover's  stranded  armature  conductor,  450 
Goldston  lamp,  667 
Gooldcn  dynamos,  351 

-  -  brush-holder  for.  361, 366 

-  —  regulator  for,  368 

—  motor,  479 
Gr.immt  armature,  311 

as  a  transformer,  519 

-  leakage  across  a,  306 

Everened,  122 


Gravity  ammeter, 
( irease  spot  photometer,  683 
Grouping  of  cells,  77 
Grove  cdl,  69,  75 
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Grdve  gas  battery,  536 
Gulcher-Battersca  dynamo,  415 
Gutta-percha  and  india-rubbier,  597 

Harcourt  pentane  standard,  679 
Hard  and  soft  copper,  707 
Hartley  photometer.  687 
Haubtmann's  incanaescent  lamp  tests,  651 
Heat,  capacity  for,  189 

—  developed  by  a  current,  190,  6.24 

—  expansion  of  metals  by,  191 

—  latent,  585 

—  resistance,  effect  of,  upon,  21 

—  specific,  189 

—  temperature,  and,  190 
-  unit  of,  190^ 

Heating  error  in  voltmeters,  203,  205,  207 

—  incandescent  lamp  terminals,  of,  646,  669 

—  mercury  pumps,  642 
Helices,  92 

High  potential  voltmeters,  208 

—  vacuaj  642 
Hissing  m  arcs,  sqi 

Holders  for  incandescent  lamps,  645 
Hopkinson'a  experiments,  348,  384,  395,  501 
Horse-power,  electrical,  42,  337 

—  lines,  337       ^ 
Hughes's  experiments,  240 
Hydrometers,  55  s 
Hysteresis,  250,  431,  459 

—  and  eddy  currents,  432 

—  in  transformer  core,  518 

luLE  wire  in  ring  armatures,  300,  415 
Illumination,  578,  688 

—  -  unit  of,  68q 
Immtsch  motor,  ^83 
Impurities  in  caroons,  585 
Incandescent  lamps,  624 

air  pumps  for.    See  Air  Pumps 

alternating  current  circuits,  on,  652, 

659 

applications  of,  671 

Bernstein,  666 

blackening  of  bulbs,  656 

candle-power,  648,  668 

carbon  filaments,  627 

for  series  lamps,  665,  669 

—  —  carbonising,  630 

—  —  connections  for,  645 

cost  of  renewals,  664 

cut-outs  for  series,  665 

Bernstein,  666 

Goldston,  669 

deficiencies  of  metal  for,  626 

deterioration  of,  649,  667 

£di.«on  filament,  6:»8,  644 

efficiency  and  life,  649,  668 

Feldmann's  tests,  652 

Haubtmann's  tests,  651 

Larnaude's  tests,  660 

Siemens'  and  Halske's  tests, 

660 

Thomas's  test>,  657 

exhausting,  633 

flashing,  631 

Goldston,  667 

heating  of  terminals,  646,  669 


Incandescent  lamps,  holders  for,  645 

horse-power,  per,  664 

inclined  filaments,  648 

life  and  efficiency.    .5"^^  Efficiency 

losses  in  conductors,  663 

mounting,  632,  644 

multifilament,  648 

over-  and  under-running.  662 

parallel  and  series  in,  60$ 

parchmentising,  629 

power  absorbed  by,  66  x 

renewals,  cost  of,  664 

requirements  for,  628 

resistance,  661 

series  lamps,  665,  667 

sockets.    See  Holders 

street  lighting  by,  667,  671 

Swan  filament,  628,  629^ 

switch,  two  way  for  series,  665 

switches  for  holders,  647 

temperature  of  filaments,  659 

under-  and  over-running,  662 

vacuum  testing,  643 

volatilisation  of  filaments,  659 

volts,  effect  of  varying,  661 

Increase  in  area  of  field  between  pole- 
pieces,  391 

temperature    of  dynamo  armature, 

381 

Increasing  e.m.p.  of  dynamos,  methods  of, 
f5,3o8       ,     , 

—  layers  of  wire  in  a  coil,  225 
India-rubber  and  gutta-percha,  715 
Induced  currents.  241,  514 

direction  ot,  257 

E.M.F.  of,  244,  258,  514 

Induction,  armature  coils,  in,  381 

—  between  parallel  conductors,  241 

—  coils,  515 

—  electro-magnetic,  214,  241 

—  magnetic,  215,  230 
intensity  of,  215 

—  self.    See  Self-induction 
Inertia,  magnetic,  91,  938 

I  nsulation,  bitumen,  717 

—  india-rubber  and  gutta-p>ercha,  715 

—  magnetic,  of  field-magnets,  381 

—  open  coil  dynamos,  in,  437 

—  resistance,  162 

—  tramway  conductors,  of,  486,  494 
Insulators,  ix 

—  leakage  at,  48B,  ^98,  709.  7*4 

—  overhead  work,  for,  707,  708 

—  secondary  batteries,  for,  546 
Intensity^  of  magnetic  force  at  a  point,  221 
induction,  215 

Internal  resistance,  effect  of,  75 
Intrinsic  brilliance  of  crater,  586,  590 
Iron,  cast  and  wrought,  373,  459 

—  copper,  and,  conductors,  694 

—  core,  effect  of,  88,  264,  301 

—  -  l/owmoor,  217,  230 

—  magnetic  saturation  of,  118,  336 

—  permeability  of,  89,  230,  311,  322 

—  rods,  arc  between,  589 

—  Swedish,  217 

—  wrought  and  cast,  373,  45'' 

—  wrought  and  mild  steel,  299,  460 
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Jahlochk«»ff  lamp,  507 
Joining  up  cells*,  niuUiod.s  of,  75 
Joint,  Britannia,  712 
Jointinff,  7xa,  7x9 
Joule,  tnc,  41 


Kai'P  alternator,  278 

-  -  dynamo,  377 
Kecfjers  or  armature.s,  94 
Kelvin  balance,  130 

—  voltmeters,  208 
Kilowatt,  4a 
Kilowatt-hour,  93   7^1 
Kirchhuflf's  laws,  182 


Laminated  armature  conductors.  364 

cores,  266,  313,    35V,  419,   424,  431, 

444i  4SS 

—  magneth,  2  ^6 

-  tran*>former  cores,  518 
Lamp,  amyl-acetate,  075 

—  Carcel,  675 

—  -  holders,  645 

I^nipN,  arc.     See  Arc  I^mp*^ 

—  incaiulesccni.    »S"tY  Incandescent  Lamps 
Latent  he;a,  585 

Law,  Ohm's,  25 

Laws,  Kirchhoirs\  182 

Layers  on  a  coil,  increasing  the,  225 

Lead,  angle  of,  314,  322,  328,  348,  392,  405 

in  motors,  473,  474,  484 

Le:ul -covered  cables,   718 
Leakage  at  insulators,  4^8,  498,  709 
Leakage,    magnetic,  238,    311,    315,    322, 

384,  3W5.  396,  5i7i  51B,  531 

-  transformer,  in,  517,  531 
Lcchmch^  cell,  50 

agglomerate  form,  54 

Length  of  arc,  580,  591 

—  of  wire  in  a  coil,  225 

—  resistance  increase>  with,  21 
Leihehy  photometer,  687 

Life  of  incandescent  lamps,  649,  668 
Lii;ht,  analysis  of.  5S3 

—  beam  of,  582,  6^5,  686 

—  measurement  of,  671 

—  reflection  of,  639 

—  velocity  of,  383 
Line  of  force,  unit,  95 
Lints,  hor.sc-power,  337 

of  force,  about  a  conductor,  2|i 
--     across  a  core  ring,  311,  315 

elei  trie,  4 

positive  direi-tion  of,  66 

Liquids,  diffusion  of,  b2 

Liihanodc  secondary  batteries.  552 

Local  action,  63 

Loop  test,  159 

Losses,  arc  circuits,  In,  620 

—  dynamos,  in,  430 

—  -  hysteresis,  230,  431,  459 
--  mains,  in,  512,  663,  695 

—  -  motors,  in,  477,  500 

—  -  transformers  in,  518,  534 

Ix)w  |K>teiitiaI  voltmeters,  hot-wire,  198 

—  ■       —  electrostatic,  211 
Low  moor  iron,  217,  --jo 


Luminous  antl  thermal  rays,  686 
Lumsden's  test  for  e.m.f.,  x8i 


Machine,  dynamo  electric.  Sec  Dynamo* 
Maj^net,  axis  of,  96 

—  Earth  a,  the,  95 

—  effect  of  vibration  ui>on  a,  238 

—  laminated,  the,  236 

—  permanent,  91,  236 

—  pole,  strength  of,  95 
unit,  221 

—  saturation  point  of  a,  118 

—  sustaining  power  of  a,  ^38 
Magnetic  attraction  and  rcpul&ion,  94 

—  circuit,  219 

of  dynamos,  389 

—  cut-out,  574,  725 

—  declination,  96 

—  derisity,  223 

^  in  transformers,  5x8 

—  dip,  96 

—  field,  85 

strength  of,  2^7,  315 

—  fields,  mutual  action  between,  463 

—  force,  the  earth's  total,  96 

—  induction,  215,  230 

—  inertia,  91,  238 

—  insulation  of  dvnamos,  jSi 

—  leakage.     Ste  Leakage 

—  resist  arice,  219,  317 

of  air,  221 

dynamos,  389 

—  saturation,  118,  336 
Magnetisation  curves,  234 

—  su(ierBcial,  240 

—  superimposed,  240 
Magnetising  force,  219 

Magnetism,  Ewing's  experiments,  230,  .-33, 
250 

—  Hughes  experiments  240 

—  residual,  324,  336,  348 

—  terrestrial,  96 
Magnetometer,  the,  723 
Magnetomotive  force,  219 

^  back  or  counter,  392 

^fains,  losses  in,  512,  663,  695 
Manchester  dynamo,  394 
Manganese  steel,  236 
Manufacture  of  carbons,  392 
Marriage  joint,  7x9 

Maximum  sensitiveness,  angle  of,  1 10 
Measurement,  current  strength,  of,  84 

—  -  electromotive  force,  of,  173 

—  light,  of,  671 

--  resistance,  of,  135 

Measuring  instruments,  direct  reading,  117 

—  stren^h  of  field,  247 

Mechanical  air  pumps,  633,  637,  641,  657 

Megohm,  the,  X7 

Mercury  air  pumps,  633 

Metals,  expansion  of,  oy  heat,  191 

—  incandescent  filaments,  for,  626 
Meters,  731 

Method  of  starting  shunt-wound  nloloT^, 

varj'in^  d^Tiaino  fields,  Statter's  4^ 

Methods  of  increasing  E.M.F.  of  dynaino», 
265,  308 
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Methods  of  joining:  up  cells,  77 

Methven  screen,  676 

Metre,  the,  43 

Mica,  ^60,  458 

Micanite,  364 

Microhm,  the,  17 

Mild  steel  and  wrought  iron,  229,  460 

Moment  of  magnetic  couple,  98 

Mordey  alternator,  2b8,  506 

—  experiments  on  armature  losses,  432 

—  starting  arrangement  for  alternai;  cur- 
rent motors,  506 

—  transformer,  52a 

—  Victoria  dynamo,  415 
Motor,  Edison-Hopklnson,  496 

—  Goolden,  479 

—  Immisch,  483 

—  Sprague,  481 

Miitors,  ahernate  current,  505 
and  their  applications,  401 

—  angle  of  lead  in,  473,  474,  484 
-  I'bck|)ool  tramway,  for,  49*3 

—  hru^he*.  Smith's  491 

—  counter  E.,M.K.  of,  466 

—  (lead  point  in  small,  465 

—  (Hsiortion  of  field  in,  471,  484 

—  dynamos  as  466 

—  ctficiency  of,  478,  480,  stxi 

-  -    -  Hopkinson's  test,  SOI 

—  feeders  for,  494,  497,  498 

—  gearing  for,  480,  491,  493 

—  luNses  m,  477,  500 

—  parallel^  in,  498 

-  regulation  of,  473,  477,  493 

-  series,  in,  495,  497,  499 

-  —  regulation  of,  477 

—  shunt-wound,  473 

— method  of  starting,  474 

-  -  «ilow  speed,  495 

—  sparking  at  brushes,  473 

—  switch  for,  474 

—  traction  for,  465,  473 

--  —  trailers  for,  488,  494,  495,  498 
secondaries  for,  499 

-  waterproof  covering  for,  479,  48^* 

—  weij^ht  in,  reasons  for  small,  465 
Mounting  filaments,  632,  644 
Multicellular  voltmeter,  311 
Multifilament  lamps,  648 
Multipolar  dynamos,  415,  459 
Battersea,  ^^23 

central  station,  428 

commutation  for,  417 

drum  armatures  for,  42S 

endplay  in  flat  ring,  423 

ficlcl  of  force  in,  417 

—  —  Kapp,  ^28 

lamination   of  armature    core,  419, 

424,  429 

Victoria,  415 

Mutual  action  between  magnetic  fields,  463 


Nichols'  slit  photometer,  584 


Ohm,  the,  x6 

~  legal  unit,  X7 

—  international  unit,  17 


Ohmmeter,  164 
Ohm's  law,  25 
Oil  insulation,  7x5 
Open  coil  dynamos.  436 
-  Drush,  440 

efficiency  of,  450 

regulators  for,  447,  454 

;-  Thomson- Hoi vton,  450 

Opposition  method  of  testing  e.m.f.,  177 
Over-    and     under-running    incandescent 

lamps,  66a 
Over-compounding,  ^47 
(Overhead  conductors,  707 


Pacinotti  ring,  311,  398 
Paper,  squared,  2^2,  334 
Parallel,  alternators  in,  29 -„  :;o6 

—  and  series,  arc  lamps  in,  597,  621 
cells  in,  75 

dynamos  in,  349 

incandescent  lanip>,  6('>5 

motors  in,  498 

transformers  in.  523 

armature  coils  in,  30? 

—  circuits,  27 

—  conductors,  attraction  iK'tween,  84,  ii:-, 
I  ->> 

—  -  induction  between,  241 

—  direct  current  dynamos  in,  151 

—  secondary  batteries  in,  550 
Parallelogram  of  forces,  314 
Parchmcntising,  629 

Paris  &  Scott  d  vnamo,  397 
Paste  in  secondary  batterie*,  analysis   of, 
557 

—  disintegration  of.  54"',  ^67 
Pasted  plates  for  secondary  l).»ttcries,  542 
Pentane  standard,  679 
Permanent  majfnets,  91,  o\6 
Permeability,  air  of,  214 

—  bismuth,  of,  216 

—  dynamos,  of,  390 

--  iroti,  of,  89,  214,  230,  311,  322 
Phoenix  dynamo,  373 
leakage  in,  389 

—  lamp,  619 
Photometers,  584,  671,  68 r 

—  Ayrton  and  Perr>',  6^5 
Hunsen,  t83 

—  Hartley,  687 

—  Letheby,  687 

—  Nichols,  584 

•  -  Rumford,  682 

Pi  (t),  225 

Pilot  wires,  700,  706,  720 

Pilsen  lamp,  601 

Plants  cell,  538 

Platinoid,  20 

Platinum  and  carbon  filaments,  627,  632 

—  meltuig  point  of,  726 

—  standard  of  light,  676 

Point,    intensity  of  magnetising  force  at 
a,  221 

—  saturation,  118,  ^36 
Polarisation,  49,  535 

Pole  magnet,  strength  of,  95 

—  —  unit,  221 

Poles,  field  magnet,  eddy  currents  in,  398 
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Poles  for  overhead  work,  708 
Porous  pots,  60 

Portable  testing  apparatus,  164 
Position  of  brushes,  best,  316 
Positive  direction  of  lines  of  force,  86 
Potential,  6 

—  diflference,  6 

dynamo  terminal-j  at,  306,  328 

external,  of  batteries,  81 

—  fall  of,  in  arcs,  587 

in  conductors,  663,  699 

in  secondary  batteries,  563 

—  high,  voltmeter,  208 

—  low,  voltmeter,  electrostatic,  31 1 

hot-wire,  198 

Potentiometer,  the,  185 

Power  absorbed  in  circuits,  624,  661 

—  —  dynamos,  331,  J99 

— lanips,  arc,  594,  620 

incandescent,  661 

—  -  —  voltmeterSj  ^05 

—  developed  in  a  circuit,  336 

—  rale  of  working,  or,  42 

—  required  by  a  dynamo,  325 

—  sustaining,  of  a  magnet,  238 
Practical  Daniel  I  cells,  66 

-  units,  14 
Primary  batteries,  46 

for  electric  lighting,  74 

Properties  of  arc  carbons,  593 
Pumps,  air.     See  Air  Pumps 


Quantity  meters,  731 

—  unit  of  electrical,  45 
practical,  25,  731 

Railwav,  electric,  undei^round,  4^ 
Rate  of  charging  secondary  batteries,  560 

—  —  discharging  secondai  y  batteries,  542, 
550,  55»,.563       . 

working,  unit,  42 

Recuperation  of  secondary  batteries,  559, 

565 
Reflection  of  light,  689 
Regulation,  motors,  of,  473,  477.  493 

—  secondary  batteries,  by,  573,  576,  709 
Regulator,  Brush,  447 

—  (Joolden,  368 

—  Statter,  371,  412 

—  Thomson-Houston,  454 
Regulators  for  dynamos,  350,  368,  371,  419, 

« 447..  454    .  ^.      , 

Relative  resistances,  table  of,  19^ 
Remanent  magnetism.    See  Residual  Mag- 
netism 
Renewals  of  incandescent  lamps,  664 
Repulsion  and  attraction  between  magnetic 

fields,  463 
Residual  magnetism,  324,  336,  348 
Resistance,  11,  15 

—  alloys,  of,  20 

—  arc,  of  the,  588 
carbons,  of,  593 

—  boxes,  3a 

—  carbon,  of,  593 

—  coil,  of  a,  225 

—  coils,  30,  197 


Resistance  coils,  double-winding  for,  35 

Cardew  voltmeter,  for,  197 

Evershed  voltmeter,  for,  950 

—  diminished  with  sectional  area,  22 

—  effect  of  heat  upon,  ax 

—  electro-magnetic  voltmeters,  of,  203 

—  frames,  39 

—  incandescent  lamp  filaments,  of,  661 

—  increases  with  length,  ax 

—  insulation,  x6a 

—  internal^  effect  of,  75 

—  magnetic,  9x9,  3x7 
of  air,  aax 

—  measurement  of,  135 
batteries  of,  140 

£dl  of  potential  method,  141 

simple  tests  for,  135 

substitution  method,  137 

tangent     galvanometer    methotl. 

135,  138 
Wheatstone  bridge  method,  147 

—  secondary  batteries,  oi;  547,  568,  370 

—  specific,  18 

—  steadying,  for  arcs,  600,  621 

—  variations  of,  with  temperature,  22 
Resistances,  carbon,  447 
Retardation  of  a  current,  245 
Retentivity,  91,  236 

Reversals  and  alternations,  a8o 

Rheostat,  36 

Right  and  left  handed  helices,  9a 

Ring  and  drum  annatures,  299,  31B,  459 

—  armatures,  lamination  of  core,  4x9,  424 

—  Pacinotti,  311 

—  switch,  722 

Rise  of  temperature  in  dynamo  armature, 

381 
Rotating  keeper,  electro-magnet  with,  269 
Rotation,  direction  of,  in  motors,  47 1 
Rumford  photometer,  68  a 


Safety  devices  for  transformers,  531 

—  fuses,  531.  726 

S.aturation,  field  magnets,  of,  327 

—  magnetic,  118,  230,  336 
Scale,  tangent,  105 
Schuckert  ammeter,  lat 

—  dynamo,  415 

—  voltmeter,  904 

Scott  and  Mountain  dynamo,  401 
Screening  due  to  arc  carioni*,  579,  591,  59a 

596 
Secondary  batteries,  535 

acidomeier  for.  555 

analysis  of  pellets  in,  557 

applications  of,  571 

automatic  alarum  for,  575 

switch  for,  574 

boiling  in,  560,  570 

bucklmg,  560,  561,  5641  566,  567 

capacity  of,  569 

charing,  560 

chemiciu  action  in,  535,  555 

colour  of  phucs,  555 

current  density  in,  570 

density  of  solution,  554,  556 

discharge,  rate  of,  54a,  550,  55a 

discharging,  563 
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Secondary     batteries,    di<untegration     of 
paste,  5^9,  567 

—  —  durability  of  plates,  568 

E.M.F.  of,  538,  557 

E,P.S.,  544 

central  station  type,  550 

dimensions  &c.  of,  552 

insulator  for,  546 

K  type,  548 

efficiency,  570 

Epstein,  541 

expansion  of  paste,  549,  567 

expansion  of  plates,  567 

fall  of  potential  in,  563 

Faure,  542 

—  -  —  forming,  538,  542 

Grove's  gas,  536 

hydrometers  for,  555 

insulators  for,  546 

Lithanode,  552 

parallel,  in,  550 

pasted  plates  for,  542 

percentage  of  peroxide,  557 

Plants,  538 

polarisation  in,  535 

rate  of  charging,  560 

discharging,  542,  550,  552 

recuperation  of,  559,  565 

regulation,  for,  573,  576,  702 

resistance  of,  547,  568,  570 

solution  for.  538,  554,  556 

spongy  lead  in,  539,  541 

suli^hating  in,  566' 

testing,  for,  553 

traction,  for.  499,  569,  573 

treatment  of  new,  554 

voltmeters  for,  566 

welding,  for,  526 

Secondary  cell.    See  Secondary  Batteries 
Secondary,  induced  currents,  or,  241 

K.M.F.  of,  244 

Sectional  area,  resistance  diminishes  wiih, 

22 

Self-exciting  dynamos,  316,  324 
Self-induction,  245,  265,  317,  350,  352,  406, 
507. 

ma  transformer,  529 

■ -; voltmeter,  213 

Sensitiveness,  angle  of  maximum,  1 10 
Series,  cells  in,  75 

—  dynamos,  329,  349,  436 
in.  349 

—  —  external  characteristics,  339 

—  incandescent  lamps,  665,  667 

—  motors,  regulation  of,  477 

in  495.  497,  499 

—  parallel,  and,  arc  lamps  in,  509,  621 
incandescent  lamps  in,  665 

—  shunt  and,  dynamos  compared,  332 

—  transformers  m,  538 
Shackle  insulator,  711 
Shadow  photometer,  682 
Short  fall  pump,  642 

Shunt  and  compound  dynamos,  368 

—  dynamos,  330 

external  characteristics,  341 

parallel,  in,  351 

—  resistance  box,  38 
Shunt-wound  motors,  473 


Shunts,  108,  146 
Shuttle  armature,  365 
Siemens  alternator,  282 

—  dynamometer,  113,  348 

—  Halske,  and,  lamp  tests,  660 
Silvertown  testing  set,  166 
Simple  cell,  the,  2,  3,  46 

Sine  of  an  angle,  the,  260 

—  curves,  261,  26S,  280,  298,  306 
Sines  and  tangents,  table  of,  100 

Skew  scale  for  tangent  galvanometers,  iii 

Slide  wire  bridge,  150 

Slow  speed  motors,  495 

Smee  cell,  49 

Smith,  Holroyd,  tramway  S3rstem,  485 

Soci^te  des  T^l^phones  ammeter,  129 

Soft  and  hard  copper,  707 

Solenoid,  the,  88 

Solution,  depolarising,  ^2 

—  secondary  batteries,  m,  density  of,  554, 
556 

South  London  Railway,  494 
Sparking  at  dynamo    brushes,   316,   348, 
406,  437,  456 

motor  brushes,  473 

Specific  heat,  189 

—  resistance,  t8 
Spectrum,  the,  583 

Speed  of  dynamos,  eflTfcts  of  var\'ing,  345, 

348 
Splayed  joint,  713 
Spongy  lead  in  secondary  batteries,  539, 

«  541 

Sprague  motor,  481 

Sprengel  pump,  6^5 

Squared  paper,  232,  334 

Standard  ampere  balance,  Kelvin,  130 

—  candles,  672 

—  cell,  Clark,  55 
Daniell,  68 

—  light,  of,  672 

amyl  acetate,  675 

— arc,  676 

Carcell,  675 

Harcourt  pentane,  679 

Methven,  676 


spt-rmaceli  candle,  672 

—  VioUe  platinum,  676 


—  resistance,  3c 
Scatter  dynamo,  405  ^ 

method  of  varying  field,  407 

B.M.P.  curves,  408 

regulator,  412 

—  transformer,  524 

Steadying  resistance  for  arc   lamps,  600, 

621 
Stearn  pump,  642 
Steel  conductors  for  electric  railways,  494 

—  field -magnets,  for,  264,  323 

—  manganese,  236 

—  mild,  and  wrought  iron,  229,  460," 
Stranded  armature  conductors,   Glover's, 
^430 

Street    lighting    by    incandescent    lamps 

667,  671 
Strength  of  current,  unit,  24 

uniform  throughout  a  circuit,  26 

field,  247,  \\i 

magnet  pole,  95 
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Stripping  of  armature  conductors,  360 
Substitution  of  batteries,  8a 
Sulphating,  566 
Summary  on  dynamos^  457 
Superficial  and  superimposed  magnetisa- 
tion, 340 
Sustaining  power  of  a  magnet,  233 
Swan  filament,  628,  629 
Swedish  iron,  217 
Swinburne  pump,  641 
Switch  for  incandescent  lamp-holder,  647 

two-way,  665 

motors,  467 

secondary  batteries,  automatic,  574 

Switches,  720 
System,  Brooks',  715 

—  C.G.S.,  43 

—  overhead,  707 

—  three-wire,  703 

—  underground,  714 


Table,   arc  lest.>,  carbon  and  iron  rods, 

with,  590 
consumption  of,  622 

—  atomic  weights  and  ecjuivalcnts,  48 

—  conductivities,  comparative,  of  bar  cop- 
per, a*> 

—  conductors,  696 

—  incandescent  lamp  tests,  651,  653,  654, 

''*?7  ... 

--  magnetisation,  induction,  and  permea- 
bility, 234 

—  reflecting  powers,  692 

—  n^sistancc,  relative,  19 

—  -  \ari;iiions  t)f,  with  temperature,  22 

—  secondary  batteries,  details  of,  552 
T:ingcnt  galvanometer.  St'c  (Jalvanonieter 
Tangents  and  sines,  table  of,  100 
Teoth,  Pacinotti,  308 

Tt-nipcrature,  arc  lamp  carlx>ns  of,  582 

t  oefticients,  table  of,  22 
'Icrininals,  32 

—  dynamo,  potential  difference  at,  3:»8 
Tern-sirial  magnetism,  96 

Te«tiiM«  apparatus,  portable,  164 
—  condition  of  cells^  179 

—  secondary  batteries  for,  ; 


vacua,  643 
•    ndli 


.  553 


Thcrniai  and  luminous  rays,  6S6 
Thomas's  lamp  tests,  657 
Thomson,  Pllihu,  transformer,  525 
Thomson- Houston  dynamo,  450 

blower  for,  456 

regulator  (or,  454 

Three-wire  system,  703 
Tin,  melting-point  of,  727 
Torc^ue.  467 

Tomcellian  vacuum,  634 
Traction,  electric,  465,  473 

setHMidary  batteries  for,  490,  569,  S73 

trolley  system,  498 

Tramway,  Blackpool  Electric,  485; 

—  motors,  conductors  for,  486,  498 

collectors  for,  488,  494,  495,  498 

sfcondarj'  batteries  for,  499,  569,  573 

Transformer,  Faraday,  516 

--  Ferranti,  ^jx 

—  Gramme  ring  as  a,  519 


Transformer,  Mordey,  522 

—  -  Scatter,  524 

—  Thomson,  E.,  525 

—  Varley,  520 
Transformers,  512 

—  distribution  by,  528 

—  eddies  and  hyster^is  in,  518 

—  efficiency  of,  518 

—  lamination  of,  515 

—  leakage  in,  5x7,  531 

—  losses  in,  518,  534 

—  magnetic  density  in,  518 

—  regulation  of,  529 

—  safety  devices  for,  531 

—  self-induction  in,  529 

—  series,  in,  528 
Tumler  switch,  723 
Two  electric  states,  i 

—  part  commutator,  297 


UNDER-and-over     running     incandescent 

lamps,  66a 
Underground  electric  railways  494 

—  conductors.  486,  498,  695,  714 
Unit,  B.  A.,  the,  17 

—  Board  of  Trade,  43,  731 

—  cunent  strength,  24 

—  E.M.F.,  c  G  s,  45,  259 

—  energy,  of,  44 
electrical,  41 

-  heat,  of,  190 

—  illumination,  of,  689 

—  light,  of,  67a 

—  magnet  pole,  95,  2at 

—  quantity,  electrical,  of  35 

—  -  rate  of  working,  42 

—  resistance,  of,  16 

—  work  of,  44 
Units,  (radical,  14 


Vacua,  high,  642 

Vacuum  pumps.    Ste  Air  Pumps 

—  -  testing,  643 

—  Torricellian.  63A 
Variation,  angle  of,  96 

—  arc^  in  the  length  of  the,  591 

—  resistance,  of,  with  temperature,  23 

—  of  temperature,  by  heat,  190 
effects  of,  31 

Varley's  Transformer,  520 

—  flexible  carbons,  593 

Varying  dynamo-field,  Statter's  method  of, 
407 

—  voltage  for  incandescent  lamp$,  661 
Velocity  of  light,  583 

Ventilation  of  dynamos,  317,  330,  359,  \^l^ 

381 
Verity  fuse,  738 

Vibration,  effect  of,  upon  magnets,  338 
Victoria  alternator,  a88 

—  dynamo,  415 

— ;  —  leakage  in,  389 
VioUe,  standard  of  fight,  676 
Virtual  E.M.F.  and  current,  533 
Volatilisation  of  carbon,  579,  585 

in  incandescent  lamps,  659 

Volt,  the,  15 
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\'oltametcr,  the,  536 

Voltmeter,  Ayrton  and  Perry  hot-wire,  tq9 

—  Cardew,  189 

resistance  coils  for,  197 

—  Ever^hed,  904 

compensation  for  heating-error,  905 

—  KeKnn,  208 

—  Schuckert,  204 
Voltmeters,  189 

—  ammeters  and^  compared,  201 

—  ampere  turns  in,  107 

—  cell  testing  for,  198 

—  -  electromagnetic,  201 

—  -  —  resistance  of,  203 

and  electrostatic  compared,  213 

—  -  electrostatic,  208^ 

--       for  low  potentials,  2T1 

--  heating-error  in,  203.  205,  207 

—  high  ^tential,  20S 

—  hot  wire,  189 

for  low  potentials,  198 

—  multicellular,  an 

—  power  absorbed  by,  205 

—  secondary  batteries,  for,  198,  211,  566 

—  -  self-induction  in,  213 

Wall  socket,  724 

Water,  counter  f.m.f.  of,  537 

Waterproof  covering  for  motors,  479,  4S2 


Watt,  the,  42 

Wear  of  commutators  in  open-coil  dynamos, 

446. 
Welding,  electric,  526 
Werdemann  lamp,  598 
Wheatstone  alternating  instrument,  36) 

-  bridge,  147 

lattery  for,  156 

connections,  1 53 

galvanometer  lor,  161 

high  resistances,  for,  161 

loop  test,  159 

-  -  —  low  resistances,  for,  150,  i68 
manipulation  of,  154 

—  slide  wire,  150 
Winding,  compound,  333,  349 

-  -ring  and  drum,  20Q,  318 
Wire  m  a  coil,  length  of,  225 
Wood  casing,  720 

Work  done  by  a  current,  41 

-  unit  of,^  44 
Wrought  iron,  217,  358 

and  cast  iron,  373,  459 

and  mild  steel,  229,  460 


Zinc,  chemically  pure,  64 

-  -  consumed  in  cells,  80 

-  slabs  for  dynamo  liedplates,  3S3 
Zurich  ammeter,  129 
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CHEMISTRY. 

ADDTMAN— A^enltaral  Analysis.  A  Manual  of  Quantitative  Analysis 
for  Students  of  Agriculture.  By  Frank  T.  Addtman,  B.Sc.  (Lond), 
F.I.C.     With  49  Illustrations.    Crown  8vo.    6«.  net. 

ABMSTBONC^Organie  Chemistry :  the  ChemistiY  of  Carbon  and  ite 
Compounds.  By  H.  E.  Armstrong,  Ph.D.  With  8  Woodcuta.  Fcp. 
Svo.    3«.  6d 

CARinSOIE— Law  and  Theory  in  Chemistry:  a  Companion  Book  for 
Students.  By  Douglas  Carneqib,  sometime  Scholar  and  Demon- 
strator in  Chemistry  of  Gonville  and  Cains,  Cambridge.    Cr.  8vo.     6s. 

COLEMAN  k  ADDTMAN-Practical  Agrieoltaral  Chemistry.  Tw 

Elementary  Students,  adapted  for  use  in  Agricultural  Classes  and 
Colleges.  By  J.  Bernard  Coleman,  A.RC.Sc,  F.I.C,  and  Frank 
T.  Addyman,  B.Sc.  (Lond.)  F.LC.  With  24  Illustrations.  Crown 
8vo.     \s,  6(i.  net. 

CBOOKES— Select  Methods  in  Chemical  Analysis^  chiefly  Inorganic. 
By  William  Crookbs,  F.R.S.,  &c.  [New  Edition  in  the  pren, 

EABL— The  Elements  of  Laboratory  Work:  a  Course  of  Natural  Science. 
By  A.  G.  Earl,  M.A.,  F.C.S.,  late  Scholar  of  Christ's  College,  Cam- 
bridge.  With  67  Diagrams  and  numerous  Exercises  and  Questions. 
Crown  8vo.    4«.  6d. 

FUBNEAUX— Elementary  Chemistry,  Inorgranic  and  Orgr&nic*    By  W. 

Furnkaux,  F.RC.S.,  Lecturer  on  Chemistry,  London  School  Board 
With  65  Illustrations  and  155  Experiments.    Crown  Svo.     2s.  M, 

HALL— First  Exercises  in  Practical  Chemistry.  By  A.  D  Hall,  M^., 
Oxford  University,  Extension  Lecturer  for  Surrey.  Crown  Svo.    1«.  6rf. 

HJELT— Principles  of  General  Orsranic  Chemistry.  By  Professor  E. 
Hjblt,  of  Helsingfors.  Translated  from  the  German  by  J.  Bishop 
TiNQLB,  Ph.D.,  Assistant  in  the  Laboratory  of  the  Heriot  Watt 
College,  Edinburgh.    Crown  Svo.    e«.  Qd, 

JAGO— Works  by  W.  Jago,  F.C.S.,  F.LC. 

Inorganic  Chemistry^i  Theoretical  and  Practical.     With  an 

Introduction  to  the  Princijples  of  Chemical  Analysis  Inorganic  and 
Organic.  With  196  Expeiiments,  with  49  Woodcuts  and  numerous 
Questions  and  Exercises.     Fcp.  Svo.    2s.  6d 

An  Introduction  to  Practical  Inorganic  Chemistry.     Crown 

Svo.     U.  6d, 

Inorganic  Chemistrr,  Theoretical  and  Practical.    A  Manual 

for  Students  in  Advanced  Classes  of  the  Science  and  Art  Department 
With  Plate  of  Spectra  and  78  Woodcuts.    Crown  Svo.    4«.  6d. 

KOLBE— A  Short  Text-Book  of  Inorganic  Chemistry.  By  Dr.  Hbr- 
MANN  KoLBE.  Translated  and  Edited  by  T.  S.  HuMPiDon,  Ph.D. 
With  66  Illustrations.     Crown  Svo.    8*.  OJL 
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MENDELEEFF-^The  Principles  of  Chemistry*  By  D.  MknoslAeff, 
Professor  of  Chemistry  in  the  University  of  St.  Petersburg.  Trans- 
lated by  Qeorqe  Kamenskt,  A.R.S.M.,  of  the  Imperial  Mint^  St 
Petersburg,  and  edited  by  A.  J.  Qreenaway,  F.LC,  Sub-Editor  of 
the  Journal  of  the  Chemical  Society.  With  97  Illustrations.  2  vols. 
8vo.    36«. 

METER— Outlines  of  Theoretical  Chemistry.  By  Lothar  Meter, 
Professor  of  Chemistry  in  the  University  of  Tttbingen.  Translated  by 
Professors  P.  Phillips  Bsdson,  D.Sc,  and  W.  Carlbton  Williams, 
B.Sc.    8vo.    9«. 

MILLEB — Introduction  to  the  Study  of  Inoivanlc  Chemistry.    By 

William  Allen  Miller,  M.D.,  LL.D.,  F.RS.    With  71  Woodcuts. 
Fcp.  8vo.    3«.  6rf. 


MUIB— The  Alchemical  Essence  and  the  Chemical  Element :  an  Episode 
in  the  Quest  of  the  Unchanging.  By  M.  M.  Pattison  Muir,  M.A., 
Fellow  of  Gbnville  and  Cains  College,  Cambridge.    8vo.    4«.  6d. 


NEWTH— Chemical  Lecture  Experiments.  By  G.  S.  Newth,  Royal 
College  of  Science,  South  Kensington.  With  224  Diagrams.  Crown 
8vo.     10*.  6rf. 

ODLING— A  Course  of  Practical  Chemistry,  arranged  for  the  Use  of 

Medical  Students,  with  express  reference  to  the  Three  Months'  Summer 
Practice.    By  William  Odlimg,  M.A.    With  71  Woodcuts.    Crown 
.      8vo.    6«. 

OSTWALB— Solutions.  By  W.  Ostwald,  Pi-ofessor  of  Chemistry  in  the 
University  of  Leipzig.  Being  the  Fourth  Book,  with  some  Additions, 
of  the  Second  Edition  of  Ostwald's  *  Lehrbuch  der  Allgemeinen  Chemie '. 
Translated  bv  M.  M.  Pattison  Muib,  Fellow  of  Gonville  and  Cains 
College,  Cambridge.    8yo.     10«.  6c{. 

PA YEH— Industrial  Chemistry.  A  Manual  for  use  in  Technical  Colleges 
and  Schools,  based  upon  a  Translation  of  Stohmann  and  Envler's 
German  Edition  of  Payen's  *  Precis  de  Chimie  Industrielle '.  Eaited 
by  B.  H.  Paul,  Ph.D.    With  698  Woodcuts.    8vo.  42<. 

BEYNOLDS^-Experimental  Chemistry  for  Junior  Students.     By  J. 

Emerson  Reynolds,  M.D.,  F.R.S.,  Professor  of  Chemistry,  University 

of  Dublin  ;  Examiner  in  Chemistry,  University  of  London.    Fcp.  8vo. 

with  numerous  Woodcuts. 
Part  I.     Introductory.    Fcp.  8vo.    It.  Qd. 
Part  II.     Non-Metals,  with  an  Appendix  on  Systematic  Testing  for 

Acids.    Fcp.  8vo.    2«.  6d. 
Part  III.     Metals  and  Allied  Bodies.    Fcp.  8vo.   Ss.  6(2. 
Part  lY.    Carbon  Compounds.    Fcp.  8vo.    49. 
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SHENSTONE— Works  by  W.  A.   Shenstonk,  Lecturer  on  Chemiatarr 
in  Clifton  College. 


The  Methods  of  Glass-Blowing.    For  the  uee  of  Physical  and 


Chemical  Students.     With  42  Illustrations.    Crown  8vo.     I«.  6d 


A  Praetleal  Introdnction  to  Chemistry.    Intended  to  ffive  a 

Practical  Acmiaintance  with  the  Elementary  Facts  and  Princi^es  of 
Chemistry.     With  25  Illustrations.    Crown  8vo.    2t. 

THORPE— A  Dictionary  of  Applied  Chemistry.  By  T.  K  Thobfe, 
B.Sc.  (Vict.X  Ph.D.,  F.RS.,  Treas.  C.S.,  Professor  of  Chemistry  in  the 
Royal  College  of  Science,  South  Kensington.  Assisted  hy  Eminent 
Contributors.    3  vols.  8vo.    Vols.  I.  &  II.    42«.  each.    Vol  III.     63*. 

Qnantitatire  Chemical  Analysis.     By  T.  E.  Thorps,*  Ph.D., 


F.RS.     With  88  Woodcuts.     Fcp.  8vo.     4*.  6d 

THORPE  and  MUIB—IKanual  of  Qaalitatire  Analysis  and  Laboratory 

Practice.    By  T.  E.  Thorpe,  Ph.D.,  F.RS.E.,  and  M.  M.  Pattibon 
Mdir,     With  57  Woodcuts.    Fcp.  8vo.    3».  6<i 

TILDEN— Works  by  William  A.  Tildbn,  D.Sc.  (Lond.),  F.C.S. 


—  Introduction  to  the  Stndy  of  Chemical  Pliilosophy.  The  Prin- 
ciples of  Theoretical  and  Systematic  Chemistry.  With  6  Woodcats. 
With  or  without  the  Answers  of  Problems.      Fcp.  Svo.  4g.  6c2. 

Practical  Chemistry.     The  Principles  of  Qualitative  Analysis. 


Fcp.  8vo.     1«.  6<i. 

WATTS*  Dictionary  of  Chemistir.  Revised  and  entirely  Rewritten  by 
H.  FoRSTER  MoRLET,  M.A.,  D.Sc,  Fellow  of,  and  lately  Assistant- 
Professor  of  Chemistry  in,  University  College,  London  ;  and  IL  M. 
Pattison  Muir,  M.A.,  F.R.S.E.,  Fellow,  and  Prselector  in  Chemistry, 
of  Qonville  and  Caius  College,  Cambridge.  Assisted  by  Eminent 
Contributors.  4  vols.  8vo.  Vols.  I.  &  II.  42«.  each  (r«a<ly).  Vol. 
III.,  60«.  {ready).    Vol.  IV.,  \ln  the  press, 

WHITELEY— Works  by  R.  Lloyd  Whitelet,  F.I.C,  Assistant  Lecturer 
and  Demonstrator  in  Chemistry  in  the  University  College,  Nottingham. 

Chemical  Calculations^  with  Explanatory  Notes,  Problema  and 

Answers,  specially  adapted  for  use  in  Colleges  and  Science  Schools. 
With  a  Preface  by  Professor  F.  Clowes,  D.Sc.  (Lond.),  F.I.C.  Crown 
8vo.    2$, 


Organic  Chemistry.  [Nsarly  ready. 
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PHYSICS. 

ABNOTT— The  Elements  of  Physics  or  Natnral  Philosophy.  By  Nsil 
Abnott,  M.D.  Edited  by  A.  Bain,  LL.D.,  and  A.  S.  Taylor,  M.D., 
F.RS.    With  numerous  Woodcuts.    Cr.  8vo.     12».  6d 

GOOK—Physics.  (Specially  adapted  for  Indian  Schools  and  Students.) 
By  J.  Cook,  M.A.,  Principal,  Central  College,  Bangalore.  With 
Examination  Questions  and  206  Illustrations.    Crown  dvo.    Ss.  6c2. 

EABL—The  Elements  of  Laboratory  Work:  a  Course  of  Natural 
Science.  By  A.  G.  Earl,  M.A.,  F.C.S.  With  67  Diagrams  and 
numerous  Exercises,  etc.    Crown  Svo.    4«.  6(2. 

©ANOT— Works  by  Professor  Ganot.  Translated  and  Edited  by  E. 
Atkinson,  Ph.D.,  F.C.S. 


—  Elementary  Treatise  on  Physics.  Experimental  and  Applied. 
With  9  Coloured  Plates  and  1028  Woodcuts.    Crown  8vo.  15«. 

Natural  PhUosophy  for  General  Readers  and  Toung  Persons; 


a  Course  of  Physics  divested  of  Mathematical  Formulae,  expressed  in 
the  language  ot  daily  life.  With  7  Plates,  569  Woodcuts,  and  an 
Appendix  of  Questions.    Crown  Svo.     7<.  6d 

GLAZEBBOOK  and  SHAW— Practical  Physics.  By  R.  T.  Glazebrook 
M. A.,  F.RS.,  and  W.  N.  Shaw.  M.A,  134  Woodcuts.    Fcp.  Svo.    7«.6<i' 

GIJTHBIE— A  Class-Book  of  Practical  Physics.  Molecular  Physics  and 
Sound.    By  F.  GuTHRiB,  Ph.D.   With  91  Diagrams.    Fcp.  Svo.    1«.  6d. 

HELMHOLTZ— Popular  Lectores  on  Scientific  Subjects.  By  Hermann 
Von  Helmholtz.  Translated  by  E.  Atkinson,  Ph.D.,  F.C.S., 
formerly  Professor  of  Experimental  Science,  Staf[  College.  With  6S 
Illustrations.    2  vols.,  crown  Svo.    3«.  6d  each. 

Contents— Vol.  I.— The  Relation  of   Natural   Science  to  Science  in 

General — Goethe's  Scientific  Researches— The  Physiological  Causes  of  Har- 
mony in  Music— Joe  and  Glaciers— The  Inter-action  of  the  Natural  Forces — 
The  Recent  Progress  of  the  Theory  of  Vision— The  Conservation  of  Foroe — 
The  Aim  and  Progress  of  Physical  Science. 

Vol.  II.— Gustav  Magnns.    In  Memoiiam— The  Origin  and  Significance 

of  Oeometrical  Axioms — The  Relations  of  Optics  to  Painting— The  Origin 
of  the  Planetary  System — Thought  in  Medicine— Academic  Freedom  in 
German  Uniyersities — Hermann  von  Helmholtz.  An  Autohiographioal 
Sketch. 

WOBTHINGTON— A  First  Course  of  Physical  Laboratory  Practice. 

Containing  264  Experiments.  By  A.  M.  Worthington,  F.R.S.,  M.A. 
With  Illustrations     Crown  Svo.    Aa.  6(i. 

WRIGHT— Elementary  Physics.  By  Mark  R,  Wright,  Normal  De- 
partment^ Durham  College  of  Science.  With  242  Illustrationa  Crown 
Svo.    2*  6d.  c-  \ 
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MECHANICS  AND  MECHANISM. 

BALL— A  Class-Book  of  Meehanlcs.    By  Sir  R.  S.  Ball,  LL.D. 
Diagrame.    Fcp.  8vo.    Is.  6d. 


€fOODETE— Workfl  by  T.  M.  Goodbvk,  M.A,,  Profeseor  of  Mechanics  at 
the  Normal  School  of  Science,  and  the  Boyal  School  of  Mines. 


—  Principles  of  Mechanics.     With  253  Woodcuts  and  numerous 
Examples.    Crown  8vo.    6<. 

—  The  Elements  of  Mechanism.    With  342  Woodcuts.    Crown  8to. 


es. 


A  Manual  of  Mechanics :    an  Elementary  Text-book  for  Students 

of  Applied  Mechanics.  With  138  Illustrations  and  Diagrams,  and  188 
Examples  taken  from  the  Science  Department  Examination  Papers, 
with  Answers.    Fcp.  8vo.    2s.  Qd. 

G00DMA5— Applied  Mechanics.    By  John  Goodman.    [In  preparatioH, 

GBIEYE— Lessons  in  Elementary  Mechanics.     By  W.  H.  Qrieve, 

P.S.A.,  late  Engineer  RN.,  Science  Demonstrator  for  the  London 
School  Board,  &c  Stage  1.  With  165  Illustrations  and  a  large  number 
of  Examples.  Fcp.  8vo.  Is.  ed.  Stage  2.  With  122  IlluBtration& 
Fcp.  8vo.  Is.  ed.    Stage  3.  With  103  Illustrations.    Fcp.  8vo.  It.  6d 

MAGNUS— Lessons  in  Elementary  Mechanics.  Introductory  to  the 
Study  of  Physical  Science.  Designed  for  the  Use  of  Schools,  and  of 
Candidates  for  the  London  Matriculation  and  other  Examinations. 
With  numerous  Exercises,  Examples,  and  Examination  Questions. 
With  Answers,  and  131  Woodcuts.  By  Sir  Philip  Magnus,  B.Sc, 
B.A.  Fcp.  8vo.  Ss.  6d.  Key  for  the  use  of  Teachers  only,  price 
5<.  3^.  net,  post  fireey  from  the  publishers  only. 

TAYLOR — Theoretical  Mechanics,  including  Hydrostatics  and  Pneu* 
matics.  By  J.  E.  Taylor,  M.A.,  B.Sc.,  Central  Schools,  Sheffield. 
With  176  Diagrams  and  Illustrations,  and  522  Examination  Questions 
and  Answers.    Crown  8vo.  2s.  64. 


THOBNTON—Theoretical  Mechanics :  Section  1.  Solids ;  to  cover  the 
Advanced  Course  of  Science  and  Art  Department.  By  A.  Thornton, 
M.A.  [In  preparaUon. 
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TWISDEN— Works  by  the  Rev.  John  F.  Twisdbn,  M.A. 


—  Practical  Mechanics ;  an  Elementary  Introduction  to  their  Study. 
With  855  Exercises  and  184  Figures  and  Diagrams.  Crown  8vo. 
10s.  6(2. 

Theoretical  Mechanics.     With   172  Examples,  numerous  Ex- 


ercises, and  154  Diagrams.    Crown  8vo.     8a.  6d 

WARREN— An  Elementary  Treatise  on  Mechanics;   for  the  use  of 

Schools  and  Students  in  Universities.    By  the  Rev,  I&^AO  Wakrbn. 
Parti.    Statics.     Crown  8vo.  3«.  6(f. 
Part  II.  Dynamics.    Crown  8vo.     3«.  6d. 


DYNAMICS,  STATICS,  AND  HYDROSTATICS, 

BURTON— An  Introduction  to  Dynamics,  including  Kinematics, 
Kinetics,  and  Statics.  With  numerous  Examples.  By  Charlks  V. 
Burton,  D.Sc.    Crown  8vo.  4«. 

GELDARD— Statics  and  Dynamics  By  C.  Geldard,  M.A.,  formerly 
Scholar  of  Trinity  College,  Cambridge,  Mathematical  Lecturer  under 
the  Non-Collegiate  Students*  Board,  Cambridge.     Crown  8vo.     S«. 

GROSS — Elementary  Dynamics  (Kinematics  and  Kinetics).  By  E.  J. 
GR088,  M.A.,  Fellow  of  Qonville  and  Caius  College,  Cambridge. 
Crown  8vo.  5«.  6d. 

MAGNUS— Hydrostatics  and  Pnenmatics.  By  Sir  Philip  Magnus 
B.Sc.    Fcp.  8vo.     1*.  6(i.,  or,  with  Answers,  2«. 

%•  The  Worked  Solutions  of  the  Problems.    2«. 

BOBINSON— Elements  of  Dynamics  (Kinetics  and  Statics).  With 
numerous  Exercises.  A  Text-Book  for  Junior  Students.  By  the 
Rev.  J.  L.  Robinson,  B.A.,  Chaplain  and  Naval  Instructor  at  the 
Royal  Naval  College,  Greenwich.    Crown  8vo.    6«. 

SMITH — Works  by  J.  Hamblin  Smith,  M.A.,  of  Gonville  and  Caius 
College,  Cambridge. 

Elementary  Statics.    Crown  8vo.    3<. 

Elementary  Hydrostatics.    Crown  8vo.    3«. 

Key  to  Statics  and  Hydrostatics.    Crown  Bvo,    6*. 

WILLIAMSON— Introduction  to  the  Mathematical  Theory  of  the 

Stress  and  Strain  of  Elastic  Solids.  By  Benjamin  Williamson, 
D.Sc.,  D.C.L.,  F.R.S.,  Fellow  and  Senior  Tutor  of  Trinity  College, 
Dublin.     Crown  8vo.     6«. 
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^liLIAMSON  and  TABLETON^An  Elementarj  Treatise  on  Djna- 

mica.  Containing  Applications  to  Thermodynamics,  with  numerous 
Examples.  By  Benjamin  Williamson,  D.Sc,  F.R.S.,  and  Francis 
A.  Tarlbton,  LL.D.    Crown  8vo.     10«.  6d. 

WOBMELL— The  Principles  of  Dynamics:  an  Elementary  Text-Book 
for  Science  Students.    By  R  Wormbll,  D.Sc,  M.A.    Crown  8vo.    &. 

WOBTHINGTON— Dynamics  of  Botation :  an  Jilementary  Introduction 
to  Rigid  Dynamics.  By  A,  M.  Worthington,  M^,  F.R.S.,  Head 
Master  and  Professor  of  Physics  at  the  Royal  Naval  Engineering 
College,  Devonport,    Crown  8vo.    3«.  6(i. 


SOUND,   LIGHT,   HEAT   &   THERMODYNAMICS. 

ALEXANDEB— Treatise  on  Thermodynamics.  By  Petbr  Alsxandkr, 
M.A.,  Lecturer  on  Mathematics,  Queen  Margaret  Collie,  Glasgow. 
Crown  Bvo.     5«. 

DAT— Numerical  Examples  in  Heat.    By  R.  R  Dat,  M^.    Fcp.  8vo. 

HELMHOLTZ— On  the  Sensations  of  Tone  as  a  Physiological  Basia 

for  the  Theory  of  Music.    By  Hermann  von  Hblmholtz.    Royal 
8vo.    28«. 

MAD  AN— An  Elementary  Text-Boole  on  Heat.  For  the  use  of  Schools. 
By  H.  G.  Madan,  M.A.,  F.C.S.,  Fellow  of  Queen's  College,  Oxford  ; 
late  Assistant  Master  at  Eton  College.    Crown  870.    9<. 

MAXWELL— Theory  of  Heat.  By  J.  Clsrk  Maxwell,  M.A.,  F.R.SS., 
L.  &  E.  With  Corrections  and  Additions  by  Lord  RATLEiaH.  With 
38  Illustrations.    Fcp.  8vo.    49.  6d 

SMITH  (J.  Hamblin)— The  Stndy  of  Heat.  By  J.  Hajcblin  Sictth, 
M.A.,  of  Gonville  and  Caius  College,  Cambridge.    Cr.  8vo.  39. 

TYNDALL— Works  by  John  Tyndall,  D.C.L.,  F.R.S.    See  page  12. 

WORMELL— A  Class-Boole  of  Thermodynamics.  By  Richard  Wob* 
mell,  B.Sc.,  M.A.    Fcp.  8yo.     Is.  6(2. 

WRIGHT— Works  by  Mark  R.  Wright  (Hon.  Inter.,  B.Sc,  London). 

Sonnd,  LIgrht,  and  Heat.    With  160  Diagrams  and  Illustrations. 

Crown  8vo.     2«.  6<i. 

Adranced  Heat.    With  136  Diagrams  and  numerous  Examples 

and  Examination  Papers.     Crown  8vo.     4«.  6d. 
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STEAM  AND  THE  STEAM  ENGINE,  &c 

BALE — A  Handbook  for  Steam  Usen ;  being  Notes  on  Steam  Engine 
and  Boiler  Management  and  Steam  Boiler  ExplosionB.  By  M.  Powis 
Bale,  M.I.M.E.,  A.M.LC.E.    Fcp.  8vo.    2«.  6d 

BOUBNE— Works  by  John  Bourne,  C.E. 


—^  A  Catechism  of  the  Steam  Engine^  in  its  Various  Applications 
in  the  Arts,  to  which  is  added  a  chapter  on  Air  and  Gas  Engines,  and 
another  devoted  to  Useful  Rules,  Tables,  and  Memoranda.  Illustrated 
by  212  Woodcuts.    Crown  8vo.    7<.  6d. 

Recent  Improrements  in  the  Steam  Eimrine.    With  124  Wood- 
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contrasting  onr  ijittle  Abode  in  Space 
and  Time  with  the  Infinites  around 
us.    Crown  Svo.  55. 

The  Expanse  of  Heaven:  Essays  on 
the  Wonders  of  the  Firmament.  Cr. 
Svo.  6s.  Cheap  Edition.  Cr.  Svo. 
8s.  U, 


TSfew  Star  Atlas  for  the  Lihnury, 

the  School,  and  the  Observatory,  m 
Twelve  Circular  Maps  (with  2  Index- 
Plates).  With  an  Introidaction  on  the 
Smdy  of  the  Stars,  Illustrated  by  9 
Diagrams.    Crown  Svo.  5s. 

Larger  Star  Atlas  for  Observers  and 
Students.  In  Twelve  Circular  Maps, 
showing  6000  Stars,  1500  Dofuble 
Stars,  ^ebulsB,  &c.  With  2  Index- 
Plates.    Folio,  159. 

The  Stars  in  their  Seasons :  an  Easy 

Guide  to  a  Knowledge  of  the  Star 
Oronps.  In  12  Laige  Maps.  Im- 
perial Svo.  5s. 

The  Star  Primer :  showing  the  Surry 
Sky,  Week  by  Week.  In  24  Hourly 
Maps.     Crown  4to.  2s.  6d. 

Ohance  and  Lnck:  &  Discussion  of 
the  Laws  of  Luck,  Coincidence, 
Wagers,  Lotteries,  and  the  Fallacies 
of  Gambling,  Aec.  Crovrn  Svo.  S& 
boards.    2s.  6<2.  cloth. 

Rough  Ways  made  Smooth.  Fami- 
liar Essays  on  Scientific  Subjects. 
Crown  Svo.  5s.  Cheap  Editiun. 
Crown  Svo.     3s.  6d. 

Pleasant  Wajs  in  Science.    Crown 

Svo.  5s.  Cheap  Edition.  Crown 
Svo.    Ss.  6(2. 

The  Great  Pyramid,  Observatory, 

Tomb,  and  Temple.  With  Illus- 
trations.   Crown  Svo.    5s. 

Nature  Studies.  ByR.  a.Pkoctoe, 
Grant  Allen,  A.  Wilson,  T.  Foster 
andE.  Clodd.    Cr.  Svo.    6s.     Cheap 

,     Edition.     Cr.  Svo.    3s.  M. 

Leisnre  Beadings.    By  R.  a.  Pbm - 

'     TOR,  E.  Clodd,  a.  Wilson,  T.  Fostki; 
,     and  A.  C.  Ranyakd.    Cr.  Svo.     5s. 


Lessons   in  Elementary  Astro- 

nomv ;  with  Hints  for  Young  Tele- 
scopists.  With  47  Woodcuts.  Fcp. 
Svo.  Is.  M, 
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MANUFACTURES,  TECHNOLOGY,  &c. 
ARNOLD— Steel  Manufaetare.    By  J.  0.  Arnold.  {In  prepa/ration, 

LUPTOIf— Mining :  an  Elementary  Treatise  on  the  Getting  of  Minerals* 

By  Abnold  Lupton,  M.I.C.E.,  F.G.S.,  &c.,  Mining  Engineer,  Certifi- 
cated Colliery  Manager,  Surveyor,  &c.  Professor  of  Coal  Mining  at 
the  Victoria  University,  Yorkshire  College,  Leeds,  &c.  With  596 
Diagrams  and  Illustrations.    Crown  Svo.    9«.  net. 

MORRIS  and  WILKIKSON— Cotton  Spinning.  By  John  Morris  and 
F»  W.  Wilkinson.  [In  jn-eparation, 

SHARP— The  Mannfaetore  of  Bicycles  and  Tricycles.  By  Archibald 
Sharp.  [In  preparaiion, 

TAYLOR— Cotton  Wearing  and  Designing.  By  John  J.  Taylor, 
Lecturer  on  Cotton  Weaving  and  Designing  in  the  Preston,  Ashton- 
under-Lyne,  Chorley,  and  Toidmorden  Technical  Schools,  &c.  With 
373  Diagrams.    Crown  8vo.    7«.  6d.  net 

WATTS— An  Introdactory  Manual  for  Sugar  Growers.  By  FRANas 
Watts,  F.C.S.,  F.LC,  Assoc.  Mason  Coll.,  Birmingham,  and  Govern- 
ment Chemist,  Antigua,  West  Indies.  With  20  Illustrations.  Crown 
8vo.    6«. 


PHYSIOGRAPHY   AND    GEOLOGY. 

BIRD— Elementary  €feology.  By  Charles  Bird,  B.A.,  F.G.S.,  Head- 
master of  the  Rochester  Mathematical  SchooL  With  Geological  Map 
of  the  British  Isles,  and  247  Illustrations.    Crown  8vo.    2«.  Qd, 

CAREEN— Physical  Geology  for  Students  and  General  Readers.  With 
Illustrations.  By  A.  H.  Green,  M.A.,  F.G.S,,  Professor  of  Geology  in 
the  University  of  Oxford.    8vo,     21«. 

LEWIS— Papers  and  Notes  on  the  Glacial  Geology  of  Great  Britain 

and  Ireland.  By  the  late  Henry  Carvill  Lewis,  M.A.,  F.G.S.,  Pro- 
fessor of  Mineralogy  in  the  Academy  of  Natural  Sciences,  Philadelphia, 
and  Professor  of  Geology  in  Haverford  College,  U.S.A.  Edited  from 
his  unpublished  MSS.  With  an  Introduction  by  Henry  W.  Cross- 
key,  LL.D.,  F.G.S.  With  10  Maps  and  82  Illustrations  and  Diagrams. 
8vo.    21«. 
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THOBJfTOIf— Works  by  John  Thornton,  M.A. 

Elementary  Physlognraphy :  an  Introduction  to  the  Study  of 

Nature.  With  10  Maps  and  173  Illustrations,  New  Edition,  with 
Appendix  on  Astronomical  Instruments  and  Measurements.  Crown 
8vo.    2«.  6d. 

Adranced  Physiography*    With  6  Maps  and  180  Illustrations. 


Crown  Svo.   4s.  6d. 


HEALTH  AND  HYGIENE. 


BRODBIBB— Manual  of  Health  and  Temperanee.  By  T.  Brodribb. 
M.A.  With  Extracts  from  Grough's  'Temperance  Orations'.  Reyised 
and  Edited  by  the  Rev.  W.  Ruthvjcn  Pym,  M.A.    Crown  Svo.    1«.  6d. 

BUCKTON— Health  in  the  House;  Twentv-five  Lectures  on  Elementary 
Physiology  in  its  Application  to  the  Daily  Wants  of  Man  and  Animals. 
By  Catherine  M.  Buckton.  With  41  Woodcuts  and  Diagrams. 
Crown  8vo.   28. 

COBFIELB— The  Laws  of  Health.  By  W.  H.  Corfield,  M.A.,  M.D. 
Fcp.  8vo.  Is.  6d. 

FRANKLAND— Micro-Orgranisms  in  Water,  their  Significance,  Identifica- 
tion, and  Removal.  Together  with  an  Account  of  the  Bacteriological 
Methods  involved  in  their  Investigation.  Specially  Designed  for 
those  connected  with  the  Sanitary  Aspects  of  Water  Supply.  By 
Professor  Percy  Frankland,  Ph.D.,  B.Sc.  (Lond.),  F.R.S.,  and  Mrs. 
Percy  Frankland. 

POOBE— Essays  on  Rural  Hy^ene.  By  George  Vivian  Poore,  M.D. 
Crown  Svo.  Qs.  6d. 

WILSON— A  Manual  of  Health-Sdenee :  adapted  for  uee  in  Schools  and 
Colleges,  and  suited  to  the  Requirements  of  Students  preparing  for  the 
Examinations  in  Hygiene  of  the  Science  and  Art  Department,  &r. 
By  Andrew  Wilson,  F.R.S.E.,  F.L.S.,  &c.  With  74  Illustrations, 
Crown  Svo.     2«.  6d. 
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OPTICS   AND    PHOTOGRAPHY. 

ABNET— A  Treatise  on  Photography.  By  Captain  W.  db  Wivblbslie 
Abnet,  F.R.S.,  Director  for  Science  in  the  Science  and  Art  Depart- 
ment   With  115  Woodcuts.    Fcp.  8vo.    3«.  6d 

GLAZEBBOOK— Physical  Optics.  By  B.  T.  Glazebrook,  M.A.,  F.B.S., 
Fellow  and  Lecturer  of  Trin.  Coll.,  Demonstrator  of  Physics  at  the 
Cavendish  Laboratory,  Cambridge.  With  183  Woodcuts  of  Apparatus, 
&c.     Fcp.  Bvo.     6«. 

WBIGHT— Optical  Projection :  a  Treatise  on  the  Use  of  the  Lantern 
in  Exhibition  and  Scientific  Demonstration.  By  Lbwib  Wright, 
Author  of  'Light:  a  Course  of  Experimental  Optics*.  With  232 
Illustrations.     Crown  Bvo.    6«. 


PHYSIOLOGY,    BIOLOGY,    &c. 

ASHBY— Notes  on  Physiolosry  for  the  Use  of  Students  preparlngr 

for  Examination.  By  Henry  Ashby,  M.D.  With  141  Illustrations. 
Fcp.  8vo.    6«. 

BABNETT— The  Making  of  the  Body :  a  Beading  Book  for  Children  on 
Anatomy  and  Physiology.  With  Illustrations  and  Examples.  By 
Mrs.  S.  A.  Barkbtt.  \In  the  press. 

BIDOOOD— A  Course  of  Practical  Elementary  Bioloirjr-  By  John 
BiDGOOD,  B.Sc,  F.L.S.    With  226  Illustrations.    Crown  8vo.    4s,  6rf. 

BBAY— Physiology  and  the  Laws  of  Health,  in  Easy  Lessons  for 
Schools.    By  Mrs.  Charles  Bray.    Fcp.  8vo.    Is, 

FUBNEAUX-  Human  Physiologry*  By  W.  Furnbaux,  F.RG.S.  With 
218  Illustrations.     Crown  8vo.    2s,  6d. 

HUDSON  and  OOSSE— The  Botifera,  or  <  Wheel- Animalcules  \    By 

C.  T.  Hudson,  LL.D.,  and  P.  H.  Gosse.  F.R.S.  With  30  Coloured 
and  4  Uncoloured  Plates.  In  6  Parts.  4to.  10s.  6d.  each  ;  Supple- 
ment, 125.  6d,    Complete  in  2  vols,  with  Supplement,  4to.  £4  4s, 

MACALISTEB— Works  by  Alexander  Macauster,  M.D.,  Professor  of 
Anatomy,  University  of  Cambridge. 

Zoology  and  Morphology  of  Yertebrata.    8vo.  10«.  6d. 

Zoology  of  the  Invertebrate  Animals.      With  59  Diagrams. 

Fcp.  8vo.    Is.  Qd. 

Zoology  of  the  Vertebrate  Animals.    With  77  Diagrams.    Fcp. 

8vo.    Is.  ed. 

MOBG AX— Animal  Biology:  an  Elementary  Text-Book.  By  C.  Lloyd^ 
Morgan,  Professor  of  Animal  Biology  and  Geology  in  University 
College,  Bristol.  With  numerous  Illustrations.    Cr.  8vo.  Ss,  6d. 

THOBNTON— Human  Physiology.  By  John  Thornton,  M.A.  WitK 
267  Illustrations,  some  of  which  are  coloured.    Crown  8vo.    6s. 
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METEOROLOGY,   &c. 

ABBOTT— Elementarj  Theoir  of  the  Tides :  the  Fundamental  Theorems 
Demonstrated  without  Mathematics,  and  the  Influence  on  the  Length 
of  the  Day  Discussed.  By  T.  K.  Abbott,  B.D.,  Fellow  and  Tutor, 
Trinity  College,  Dublin.    Crown  8vo.    2«. 

JORDAN — The  Oeean  :  a  Treatise  on  Ocean  Currents  and  Tides,  and  their 
Causes.    By  William  Leighton  Jordan,  F.R.G.S.    8vo.    21*. 

SCOTT— Weather  Charts  and  Storm  Warnings.  By  Robkbt  H.  Soon; 
M.A.,  F.RS.,  Secretaiy  to  the  Meteorologicii  ConncU.  With 
numerous  Illustratione.      Crown  8vo.  6*. 


BOTANY. 

AITKEN— Elementary  Text-Book  of  Botany.  For  the  use  of  Schools. 
By  Edith  Aitken,  late  Scholar  of  Girton  CoUege.  With  over  400 
Diagrams.    Crown  8vo.  4«.  6d. 

BENNETT  and  MUBBAT— Handbook  of  Cryptogamic  Botany.    By 

Alfred  W.  Bennett,  M.A.,  B.Sc,  F.L.S.,  Lecturer  on  Botany  at  St. 
Thomas's  Hospital ;  and  George  Murrat,  F.L.S.,  Senior  ABsistant 
Department  of  Botany,  British  Museum.  With  378  lUustrations. 
8vo.    16«. 

EDMONDS— Elementary  Botany.  Theoretical  and  Practical  By  Henry 
Edmonds,  B.Sc,  London.  With  319  Diagrams  and  Woodcuts.  Crown 
8vo.    2».  6(i. 

KITCHENER— A  Tear's  Botany.  Adapted  to  Home  and  School  Use. 
With  Illustrations  by  the  Author.  By  Frances  Anna  Kitchener. 
Crown  8vo.    5«. 

LINDLET  and  MOORE— The  Treasury  of  Botany:  or,  Popular 
Dictionary  of  the  Vegetable  Kingdom :  with  which  is  incorporated 
a  Glossary  of  Botanical  Terms.  Edited  bv  J.  Lindlet,  M.D.,  F.RS., 
and  T.  Moore,  F.L.S.  With  20  Steel  Plates  and  numerous  Wood- 
cuts.   2  Parts.     Fcp.  8vo.    12«. 

McNAB-^Class-Book  of  Botany.  By  W.  R.  McNab.  2  Parts.  Morpho- 
logy and  Physiolo^.  With  42  Diagrams.  Fcp.  8vo.  1«.  Cd  Classifi- 
cation of  Plants.     With  118  Diagrams.    Fcp.  8vo.    1$,  6d, 

THOME  and  BENNETT— Structural  and  Phygiolorieal  Botany.    By 

Dr.  Otto  Wilhelm  Thom^  and  by  Alfred  W.  Bennett,  M-A-, 
B.Sc,  F.L.S.  With  Coloured  Map  and  600  Woodcuts.  Fcp.  8va 
6s. 

WATTS— A  School  Flora.  For  the  use  of  Elementary  Botanical  Classes. 
By  W.  Marshall  Watts,  D.Sc.,  Lond.    Cr.  8vo.    2f.  6d, 
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j  AGRICULTURE  AND  GARDENING. 

I  ADDYMAX — Agrricnitaral  Analysis*  A  Manual  of  Quantitative  Analysis 
for  Students  of  Agriculture.  By  Frank  T.  Addyman,  B.Sc.  (Lend.), 
F.LC.     With  49  Illustrations.     Crown  8vo.  5«.  net. 

COLEMAN  and  ADDYMAN—Praetleal  Afrrlcnltaral  Chemistry.    For 

Elementary  Students,  adapted  for  use  in  Agricultural  Classes  and 
Colleges.  By  J.  Bernard  Colbman,  A.RC.Sc.,  F.LC,  and  Frank 
T.  Addyman,  B.Sc  (Lond.),  F.LC.    Crown  8vo.  1«.  Bd  net. 

LLOYB— The  Seienee  of  Afrriealtnre.    By  F.  J.  Lloyd.     8vo.     12«. 


LOUDON— Works  by  J.  C.  Loudon,  F.L.S. 

Encyclopedia   of  Gardening;    ihe    Theory   and    Practice    of 

Horticulture,  Floriculture,  Arboriculture  and  Landscape  Qardening. 
With  1000  Woodcuts.     8vo.    21«. 


—  Encydopiedia  of  Agricultare  ;  the  Laying-out,  Improvement  and 
Management  of  Landed  Property ;  the  Cultivation  and  Economy  of 
the  Productions  of  Agriculture.     With  1100  Woodcuts.    8vo.  21*. 


EncyclopSBdia  of  Plants;  the  Specific  Chai'acter,  Description, 

Culture,  History,  &c.,  of  all  Plants  found  in  Great  Britain.    With 
12,000  Woodcuts.     8vo.     42«. 

RIVEBS— The  Miniature  Fruit  Garden;  or,  The  Culture  of  Pyramidal 
and  Bush  Fruit  Trees.  By  Thomas  T.  F.  Rivbrs.  With  32  Illustra- 
tions.    Cvown  8vo.    4«. 


TELLE — The  Perplexed  Farmer :  How  is  he  to  meet  Alien  Competition? 
By  Gborqe  Villb.  Translated  from  the  French  by  William 
Crookes,  F.R.S.,  V.P.C.S.,  &c.    Crown  8vo.   6«. 

WEBB— Elementary  A|[rriculture.  A  Text-Book  specially  adapted  to  the 
requirements  of  the  Science  and  Art  Department,  tJbe  Junior  Examina- 
tion of  the  Royal  Agricultural  Society  and  other  Elementary  Examina- 
tions. By  Hsnry  J.  Webb,  Ph.D.,  B.Sc.  (Lond.) ;  late  Principal  of 
the  Agricultural  College,  Aspatria.  With  34  Illustrations.  Crown 
8vo.    2«.  QdL 
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TEXT-BOOKS  OF  SCIENCE. 

{Adja.'pitdi,  for  the  Use  of  Students  vn  Public  or  Science  Schools.) 


Photography.  By  Captain  W.  Db  Wive- 
LB8LIE  Abney,  C.B.,  F.R.S..  106 
Woodcuts.    Fcp.  8vo.     3s.  M. 

The  Btren^h  of  Material  and  Btructarei: 

the  Strength  of  Materials  as  depend- 
ing on  their  Quality  and  as  ascertained 
by  Testing  Apparatus;  the  Strengtii 
of  Structures,  as  depending  on  their 
form  and  arrangement,  and  on  the 
materials  of  which  they  are  composed. 
By  Sir  J.  Anderson,  C.E.,  &c.  66 
Woodcuts.     Fcp.  8vo.    3s.  6d. 

Railway  Appliancei— A  Description  of 
Details  of  Railway  Construction  sub- 
sequent to  the  completion  of  Earth- 
works and  Structures,  including  a 
short  Notice  of  Railway  Rolling  Stock. 
By  John  Wolfe  Babry,  M.I.CE.  218 
Woodcuts.    Fcp.  8vo.     4a.  6d. 

Introduction  to  the  Study  of  Inorganic 
Chemistry.  By  William  Allen 
Miller,  M.D.,  LL.D..  F.R.S.  72 
Woodcuts.    3».  9d. 

Introduotion  to    the  Study   of  Organic 

Chemistry :  the  Chemistry  of  Carbon 
and  its  Compounds.  By  Henry  E. 
Armstrong,  Ph.D.,  F.R.S.  8  Wood- 
cuts.   Fcp.  8vo.    3a.  Gd. 

QuantitatlYe  Chemical  Analysli.    By  T. 

E.  Thorpe,  F.R.S.,  Ph.D.  With  88 
Woodcuts.    Fcp.  8vo.    4».  6d. 

Qualitative    Analyiii    and    Laboratory 

Practice.  By  T.  E.  Thorpe,  Ph.D., 
F.R.S. .  and  M.  M.  Pattison  Muir, 
M.A.,  F.R.S.B.  With  Plate  of  Spectra 
and  57  Woodcuts.      Fcp.  8vo.    3s.  6rf. 

Introduction  to  the  Study  of  Chemical 

Philosophy.  The  Principles  of  The- 
oretical and  Systematical  Chemistry. 
By  William  A.  Tilden,D.Sc.  ,  Londom, 
F.RS.  With  5  Woodcuts.  Wither 
without  Answers  to  Problems.  Fcp. 
8vo.    4a.  6d. 

Elements  of  Aitronomy.  By  Sir  R.  S. 
Ball.  LL.D.,  F.R.S.  With  136  Wood- 
cuts.   Fcp.  8vo.    6a. 

Systematic  Mineralogy.  By  Hilary 
Bauebman.  F.G.S.  With  373  Wood- 
cuts.   Fcp.  8yo.    6a. 

DetoriptiTe  Mineralogy.  By  Hilary 
Bauebman,  F.G.S..  &G.  With  286 
Woodcuts.    Fcp.  8vo.     6a. 


Metali,  their  Proportiea  and  Treatment. 
By  C.  L.  Bloxam,  and  A.  K.  Hunt- 
ington, Professors  in  King's  College. 
London.  180  Woodcuts.  Fcp.  8vo. 
6a. 

Theory  of  Heat    By  J.  Clerk  Maxwell, 

M.A.,  LL.D.,  Edin.,  F.R.SS..  L.  and 
E.  New  Edition,  with  Correctio&s 
and  Additions  by  Lord  BAYLEias. 
With  38  Illustrations.  Fcp.  8vc. 
48.  6^. 

Practical  Phytlca.  By  R.  T.  Glazbbrooe. 
MA..  F.R.S.,  and  W.  N.  Shaw,  M.A 
With  134  Woodcuts.   Fcp.Bvo.   7«.&/. 

Preliminary  Snr¥ey.  By  Treodohe 
Qrahah  Oribble,  Civil  Engineer.  In- 
cluding Elementary  Astronomy,  Route 
Surveying,  Taoneometry,  Curve-ranp- 
ing.  Graphic  Mensuration,  Estimates, 
Hydrography,  and  Instruments.  130 
Illustrations.    Fcp.  8vo.    6j. 

Algebra  and  Trigonometry.  By  Williax 
Nathaioel  Gbiffin,  B.D.  3».  6<f. 
Notes  on,  with  Solutions  of  the  mort- 
difficult  Questions.    Fcp.  8vo.    8».  6rf 

The  Steam  Engine.  By  Geobge  C.  V. 
Holmes,  Secretary  of  the  Institution 
of  Naval  Architects.  212  WoodcutvS. 
Fcp.  8vo.    6». 

Electricity  and  Magnetism.  By  Fleem- 
INO  Jbnkin.  F.R.SS.. L.  ajid  E.  With 
177  Woodcuts.    Fcp,  8vo.     3«.  6d. 

j  The  Art  of  Bleetro-MetaUurgy,  including 
aU  known  Processes  of  Electro-Deposi- 
tion.     By  G.  Gore,  LL.D.,   F.B.S. 

I     With  66  Woodcuts.    Fop.  8vo.    6«. 

I  Telegraphy.     By  W.  H.  Pkeecs,  C3., 
'     F.R.S.,  M.I.C.E.,    and    Sir   J.   Si>i' 
WRIGHT,  M.A.,  K.C.M.G.    255  Wood- 
cuts.    Fcp.  8vo.     6s. 

Physical  Optioi.  By  R.  T.  GLAJSEBROoii. 
I  M.A.,  F.R.S.  With  183  Woodcuts. 
I     Fcp.  8vo.    6s. 

I  Technical  Arithmetic  and  ManBoiatioii. 

By  Charles  W.  M£RRifieli>,  F.R.S. 
3s.  6d.  Key,  by  the  Rev.  Join. 
Hunter,  M.A.    Fcp.  8vo.    8».  6rf. 

The  Study  of  Bocks,  an  Elementary  Text- 
Book  of  Petrology.  By  Frank  BuTLF.Y, 
F.G.S.  With  6  Plates  and  88  Wood- 
cuts.   Fcp.  8vo.    4s.  6d. 
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TEXT-BOOKS  OF 
Workshop  Applianoot,  inoluding  Desorip- 
tions  of  some  of  the  Gauging  and 
Measuring  Instruments — Hand-Cnt- 
ting  Tools.  Lathes,  Drilling,  Planing, 
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